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1. Sta tement  of  Ob jec t ive  

I n  keeping wi th  i t s  h i s t o r i c  r o l e  of  p rov id ing  an advanced 

technology base  i n  a e r o n a u t i c s ,  NASA, through i t s  Langley Research Center ,  

h a s  under taken  an assessment  of t h e  s i g n i f i c a n c e  of advanced aerodynamic, 

p ropu l s ion ,  and s t r u c t u r a l  technology f o r  c r u i s e  m i s s i l e  sys tems.  Such an 

assessment  should  p rov ide  NASA w i t h  a r a t i o n a l e  f o r  p l ann ing  a r e s e a r c h  

program i n  t h o s e  technology a r e a s ,  and a nuc leus  of a p l a n  f o r  such a pro-  

gram. Although t h e  assessment  i s  cen te red  on c r u i s e  missi le  systems,  t h e  

recommended r e s e a r c h  programs would undoubtedly have a p p l i c a b i l i t y  t o  o t h e r  

missi le  and a i r c r a f t  sys tems.  The purpose of t h i s  r e p o r t  i s  t o  c o n t r i b u t e  

t o  t h e  assessment  and t o  recommend a r e a s  i n  which r e s e a r c h  and development 

e f f o r t  is  needed i n  aerodynamics, p ropu l s ion ,  and s t r u c t u r e s  ove r  t h e  speed 

range  from subson ic  t o  hypersonic  t o  suppor t  t h e  f u t u r e  development of 

improved c r u i s e  missile sys tems.  



2 .  D e f i n i t i o n  of Cru i se  Missile 

I n  t h i s  r e p o r t ,  a very  g e n e r a l  d e f i n i t i o n  of a "cru ise"  m i s s i l e  i s  

t aken  which inc ludes  m i s s i l e s  such a s  Tomahawk a s  a s u b - c l a s s .  The "c ru i se"  

m i s s i l e  w i l l  be de f ined  a s  one which spends t h e  major  p o r t i o n  of  i t s  f l i g h t  

t r a j e c t o r y  i n  t h e  "cruise ' l  mode, t h a t  i s ,  f l y i n g  a t  n e a r l y  c o n s t a n t  a l t i t u d e  

a t  n e a r l y  c o n s t a n t  speed u s i n g  aerodynamic l i f t  t o  suppor t  i t s  weight .  Thus, 

h igh ly  maneuverable s h o r t  range  t a c t i c a l  missi les  would n o t  be  inc luded  y e t  

long  range  t a c t i c a l  o r  s t r a t e g i c  m i s s i l e s  might be inc luded  depending on t h e  

f l i g h t  p r o f i l e .  Such a d e f i n i t i o n  emphasizes mi s s i l e s  which a r e  opt imized  

f o r  range  and payload c a p a c i t y  r a t h e r  than  those  in tended  t o  d e f e a t  high-speed 

t a r g e t s  u s i n g  h igh  speed and h igh  maneuverab i l i t y ;  n e v e r t h e l e s s ,  i t  should  be 

recognized  t h a t  high speed and /o r  h igh  maneuverab i l i t y  i n  t h e  t e rmina l  phase  

of a long  o r  m e d i u m  range  m i s s i l e  f l i g h t  may be a needed i n g r e d i e n t  f o r  pene t r a -  

t i v i t y ,  t h a t  i s ,  €or  p i e r c i n g  t h e  enemy's defenses  and reaching  t h e  t a r g e t .  

The assessment  covers  t h e  long  range  subsonic  c r u i s e  miss i les  (such 

a s  Tomahawk), t h e  s h o r t e r  range subsonic  m i s s i l e s  (such a s  Harpoon) and t h e  

s u p e r s o n i c  and hype r son ic  m i s s i l e s  of  medium range which may be used i n  a 

d e f e n s i v e  mode a g a i n s t  jamming a i r c r a f t ,  o r  m i s s i l e - l a u n c h i n g  a i r c r a f t ,  a s  

w e l l  a s  i n  a t t a c k i n g  ground-based de fenses  o r  h igh  v a l u e  t a r g e t s .  These l a t t e r  

missiles must c r u i s e  a t  h igh  a l t i t u d e  f o r  most of  t h e  t r a j e c t o r y  t o  be a b l e  t o  

ach ieve  s a t i s f a c t o r y  range  performance.  

The f ami ly  of c r u i s e  missiles under  c o n s i d e r a t i o n  can  be c a t e g o r i z e d  

by two c r u i s e  a l t i t u d e  regimes (h igh  andlow) ,  by t h r e e  speeds  ( subson ic ,  

supe r son ic ,  hype r son ic ) ,  by t h r e e  range  requi rements  ( s h o r t ,  medium, long) ,  and 

by miss ion  o r  t a r g e t  t ype  ( t a c t i c a l ,  s t r a t e g i c ,  and d e f e n s i v e  o r  p reempt ive ) .  

The f i r s t  t h r e e  o f  t h e s e  very  g e n e r a l  terms can be bounded by r e p r e s e n t a t i v e  

v a l u e s  g iven  below. These are  t y p i c a l ,  i l l u s t r a t i v e ,  va lues  and should  n o t  

be  t aken  a s  a b s o l u t e  ones .  

1. Cru i se  A l t i t u d e ;  

Low: T e r r a i n  fo l lowing ,  wave skimming, 60 m o r  l ess  above 

s u r f a c e .  

High: A s  h igh  as  p o s s i b l e ,  i n  t ens  of  thousands of  f e e t ,  t o  maximize 

range ( f u e l  e f f i c i e n c y )  and speed .  
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2 .  Cru i se  Speed: 

Subsonic:  0 . 5  5 M < 1 

Supersonic :  1 < M 4 

Hypersonic:  4 < M < 10 

3.  Range: 

S h o r t :  80 - 160 km 

Medium: 160 - 800 km 

Long: 800 - 8000 km 

4 .  Targe t s :  

Su r face  o r  medium a l t i t u d e  t a r g e t s .  Agains t  defended t a r g e t s ,  

t h e  subsonic  c r u i s e  m i s s i l e s '  l i k e l i h o o d  of p e n e t r a t i n g  t o  t h e  t a r g e t  can 

be enhanced s i g n i f i c a n t l y  by provid ing  i t  with a supe r son ic  t e rmina l  dash 

o p t  i o n .  

5 .  Missions:  Se l f - exp lana to ry .  

A m a t r i x  of  t h e s e  c r u i s e  m i s s i l e  c a t e g o r i z a t i o n s  i s  p resen ted  i n  

Char t  2-1  i n  an a t tempt  t o  h i g h l i g h t  l i k e l y  combinat ions and t y p i c a l  a p p l i -  

c a t i o n s .  Represen ta t ive  c r u i s e  m i s s i l e s  o r  concepts  a r e  i n d i c a t e d  i n  t h e  

mis s ions  column by r e f e r e n c e  t o  f o o t n o t e s .  

3 
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3 .  Approach t o  Assessment 

I n  o r d e r  t o  a s s e s s  p rope r ly  what advantages might be  r e a l i z e d  by 

t echno log ica l  advances i n  aerodynamics, s t r u c t u r e s ,  and p ropu l s ion ,  i t  would 

be w e l l  t o  e s t a b l i s h  t h e  c u r r e n t  c a p a b i l i t y ,  a s c e r t a i n  des ign  l i m i t a t i o n s  re-  

s u l t i n g  from technology l a g  o r  incompat ib le  systems requi rements ,  and then  

e v a l u a t e  what g a i n s  might be achieved by more advanced technology i n  each a r e a  

o r  by f u l l e r  c o n s i d e r a t i o n  of t h e  coupled advantages t h a t  might be achieved  

through system c o n s i d e r a t i o n s  of  t h e  r e l a t i o n s  between t h e  t e c h n o l o g i e s .  For 

example, even though t h i s  s tudy  does not  i n c l u d e  guidance and c o n t r o l  o r  coun te r -  

measures, t h e s e  a r e a s  must no t  be ignored  i n  e v a l u a t i n g  e f f e c t s  of t echno log ica l  

advances i n  a i r f r a m e  d e s i g n .  An impor tan t  c o n s i d e r a t i o n  i n  a c r u i s e  mi s s i l e  

system might be  t o  minimize d e t e c t i o n  o r  l i m i t  t h e  r e sponse  t i m e  of t h e  de fense .  

Such c o n s i d e r a t i o n s  should be inc luded  i n  t h e  advanced technology assessment  

wherever p o s s i b l e .  

3 .1  System Requirements and Aerodynamics, Propuls ion ,and  S t r u c t u r e s  
Techno1 og ie s  

It  may be  h e l p f u l  a t  t h i s  p o i n t  t o  ske tch  t h e  i n t e r a c t i o n s  of ae ro -  

dynamics, p ropu l s ion ,  and s t r u c t u r e s  wi th  t h e  system requi rements  imposed on 

a t y p i c a l  c r u i s e  m i s s i l e  by i t s  l a u n c h - t o - t a r g e t  environment .  The example used 

i s  t h a t  of  a long-range subson ic  c r u i s e  m i s s i l e  b u t  t h e  approach and comments 

a r e  a p p l i c a b l e  t o  o t h e r  c r u i s e  missiles a s  w e l l .  

The sequence of f l i g h t  of a c r u i s e  m i s s i l e  begins  i n  a s a f e  a i r -  

space  wi th  launch ,  c l imb o r  d i v e  t o  c r u i s e  l e v e l ,  then  f l i g h t  a t  c o n s t a n t  a l t i -  

tude  c r u i s e  toward t h e  l a n d f a l l ,  checkpoin t ,  o r  t a r g e t  a r e a .  A s  soon a s ,  and 

p r e f e r a b l y  b e f o r e ,  t h e  s a f e  a i r s p a c e  comes under  s u r v e i l l a n c e  by t h e  enemy, t h e  

c r u i s e  m i s s i l e  may d e v i a t e  from a f i x e d  heading ,  cons t an t  a l t i t u d e  c r u i s e  by 

maneuvers i n  azimuth ( t o  dece ive  t h e  obse rve r )  and i n  e l e v a t i o n  ( a s  r e q u i r e d  

f o r  a low a l t i t u d e  t e r r a i n - f o l l o w i n g  f l i g h t  a t t empt ing  t o  avoid  d e t e c t i o n )  

and thus  de l ay  p o s i t i v e  e a r l y  warning and a c q u i s i t i o n  wh i l e  f l y i n g  i n  t h e  a i r -  

space  under s u r v e i l l a n c e .  Sooner o r  l a t e r  t h e  a i r s p a c e  becomes defended by 

m i s s i l e  o r  a i r c r a f t  i n t e r c e p t o r s  and t h e  c r u i s e  mis s i l e  must con t inue  t o  f l y  

d e c e p t i v e l y  t o  avoid p o s i t i v e  and cont inuous  a c q u i s i t i o n  and t r a c k i n g  by t h e  

d e f e n d e r s '  o p t i c a l  and r a d a r  s enso r s  so  a s  t o  minimize i t s  p o t e n t i a l  exposure 

t o  i n t e r c e p t o r  a t t a c k s .  Only when t h e  mis s i l e  i s  c l o s e  enough t o  t h e  t a r g e t  

t h a t  l aunching  an i n t e r c e p t o r  would be t o o  l a t e ,  can i t  i n i t i a t e  a s a f e ,  

s t r a i g h t - i n  run  toward t h e  t a r g e t .  

5 



Such a f l i g h t  sequence l e a d s  t o  e s s e n t i a l l y  f o u r  system requi rements  

which must be  m e t ,  namely, a )  pre- launch  s u r v i v a b i l i t y ,  b) l aunch- to - t a rge t  

performance ( range ,  t ime) ,  c)  p e n e t r a t i v i t y ,  and d)  t e rmina l  accuracy .  These 

requi rements  demand s p e c i f i c  performance and o t h e r  c h a r a c t e r i s t i c s  from t h e  

a i r f r a m e  des ign  and i t s  c o n t e n t s .  

For example, p re- launch  s u r v i v a b i l i t y  i s  enhanced by m o b i l i t y  of t h e  

launcher  and r a p i d i t y  of launch .  Thus, minimizing launch weight and maximizing 

launch t h r u s t  through advanced t echno log ie s  of s t r u c t u r e s  and p ropu l s ion ,  r e spec -  

t i v e l y ,  w i l l  enhance t h i s  r equ i r emen t .  

The l aunch- to - t a rge t  range  requirement  c a l l s  on aerodynamics, p ro-  

pu l s ion ,  and s t r u c t u r e s  t echno log ie s  t o  provide  a c o n f i g u r a t i o n  wi th  minimum 

weight ,  volume, and s i z e  t o  f l y  t h e  range ,  R,  from l a u n c h - t o - t a r g e t .  I n  a d d i t i o n ,  

t h e  s t r a i g h t  l i n e  o r  g r e a t  c i r c l e  range R must be inc reased  by a f a c t o r  K 

allow f o r  t h e  v e r t i c a l  maneuver r equ i r ed  t o  f o l l o w  t h e  t e r r a i n  a t  l o w  a l t i t u d e ,  

and by a f a c t o r  K 2  t o  a l low f o r  t h e  h o r i z o n t a l  o r  " j i nk ing"  maneuver r equ i r ed  t o  

dece ive  any obse rv ing  senso r s  i n  t h e  v i c i n i t y  of  t h e  t a r g e t .  The h o r i z o n t a l  

maneuver can a l s o  u t i l i z e  t e r r a i n  masking f e a t u r e s  around t h e  t a r g e t  t o  reduce 

t h e  d e f e n d e r s '  a b i l i t y  t o  a c q u i r e  t h e  missi le ,  t r a c k  i t ,  and f i r e  i n t e r c e p t o r s  

a t  i t .  The t echno log ie s  o f  aerodynamics, p ropu l s ion  and s t r u c t u r e s  w i l l  be  hard  

p re s sed  t o  p rov ide  a ba lanced  des ign  wi th  adequate  range c a p a b i l i t y ,  K K R, and 

wi th  t h e  low obse rvab le s  c h a r a c t e r i s t i c s  demanded by t h e  p e n e t r a t i v i t y  r e q u i r e -  

ments which w i l l  be d i s c u s s e d  l a t e r .  

1 to 

1 2  

For  some mis s ions ,  t i m e - t o - t a r g e t  performance becomes a s i g n i f i c a n t  

parameter .  Reducing t h e  t i m e - t o - t a r g e t  g ives  t h e  de fende r  l e s s  t i m e  t o  r e a c t  

t o  c o u n t e r  t h e  a t t a c k  o r ,  i f  t h e  t a r g e t  i s  mobile, less  t i m e  t o  move i t  from t h e  

o r i g i n a l  t a r g e t i n g  p o i n t .  

an a r e a ,  reduced t ime- to - t a rge t  is  sometimes necessa ry  t o  enab le  t h e  defender  t o  

k i l l  t h e  a t t a c k e r ' s  jammers and m i s s i l e - c a r r y i n g  v e h i c l e s  be fo re  t h e i r  missi les  

can be r e l e a s e d .  To ach ieve  minimum t i m e - t o - t a r g e t ,  t h e r e  i s  need f o r  h i g h l y  

e f f i c i e n t  p ropu l s ion ,  p o s s i b l y  more than  one m i s s i l e  s t a g e ,  minimum drag ,  minimum 

s t r u c t u r a l  weight ,  and an opt imized  f l i g h t  p a t h .  

For  "c ru i se - type"  medium range  missi les  which defend  

P e n e t r a t i v i t y  i s  achieved  when the  defending  senso r s  cannot  a c q u i r e  and 

t r a c k  t h e  c r u i s e  mi s s i l e  because of  i t s  low e l ec t romagne t i c ,  i n f r a - r e d ,  a c o u s t i -  

c a l ,  o r  o p t i c a l  s i g n a t u r e s ,  and when it c l o s e s  on t h e  t a r g e t  so  f a s t  t h a t  no 

6 



i n t e r c e p t o r  ( o r  no more than  one o r  two) can be launched a g a i n s t  i t  i n  t ime 

f o r  a l i k e l y  i n t e r c e p t .  Ground-, a i r - ,  o r  space-based e a r l y  warning systems 

wi th  t h e i r  r a d a r  and I R  s enso r s  a t tempt  t o  n o t e  incoming m i s s i l e s  and t o  pass  

on t h e  observed o b j e c t ' s  speed,  t r a c k ,  and a l t i t u d e  t o  t h e  forward a r e a  de fenses ,  

b a r r i e r  de fenses ,  and t e rmina l  de fenses ,  a l l  of which have t h e i r  own i n t e r n e t t e d ,  

a c q u i s i t i o n  and t r a c k i n g  senso r s  wi th  AWACS (Airborne Warning and Cont ro l  System) 

and GCI (Ground Con t ro l l ed  I n t e r c e p t )  c o n t r o l  systems,  f i g h t e r - i n t e r c e p t o r s  and 

s u r f a c e - t o - a i r  m i s s i l e s .  Low s i g n a t u r e s  a r e  needed t o  d e f e a t  o r  stress a l l  t h e s e  

defense  systems,  wh i l e  h igh  speed i s  a l s o  h e l p f u l  p r i m a r i l y  a g a i n s t  t e rmina l  

defense  i n t e r c e p t o r s ,  Thus t h e  technologies  o f  s t r u c t u r e s ,  p ropu l s ion ,  and aero-  

dynamics must s t r i v e  t o  ma in ta in  a s  low an e l ec t romagne t i c ,  i n f r a - r e d ,  a c o u s t i -  

c a l ,  and o p t i c a l  s i g n a t u r e  of t h e  a i r f r ame  a s  p o s s i b l e .  The same demands apply 

t o  whatever a c t i v e  senso r s  a r e  used i n  t h e  c r u i s e  m i s s i l e  t o  accomplish t e r r a i n  

r e c o g n i t i o n  and fo l lowing .  The h igh  t e rmina l  speed d e s i r e d  involves  p r i n c i p a l l y  

only  p ropu l s ion  and aerodynamic t echno log ie s .  

Note t h a t  aerodynamics,  p ropu l s ion  and s t r u c t u r e s  can have a syner -  

g i s t i c  c o n t r i b u t i o n  t o  p e n e t r a t i v i t y  by p rov id ing  a low s i g n a t u r e  f o r  t h e  b a s i c  

m i s s i l e ,  and by c o n t r i b u t i n g  t o  low o b s e r v a b i l i t y  through p r o v i s i o n  of maneuvering 

c a p a b i l i t i e s  f o r  low a l t i t u d e  t e r r a i n  fo l lowing ,  decep t ive  meandering toward the  

t a r g e t ,  and t e r r a i n  masking f l i g h t  i n t o  t h e  t a r g e t ,  a l l  of which r e q u i r e  excep- 

t i o n a l  performance i n  l i f t ,  d rag ,  t h r u s t ,  and f u e l  consumption. 

The f o u r t h  system requirement ,  t h a t  of terminal  accuracy,  depends on 

adequate  performance i n  t h e  domain of s e n s o r s ,  computers,  d a t a  s t o r a g e ,  fuz ing ,  

and dynamic system response ,  t h e  l a t t e r  be ing  t h e  only  a r e a  wherein aerodynamic 

and s t r u c t u r a l  c h a r a c t e r i s t i c s  a f f e c t  t h e  o v e r a l l  system re sponse .  I n  a d d i t i o n ,  

s e n s o r  and fuz ing  systems may r e q u i r e  advanced m a t e r i a l s  technology t o  provide  

window m a t e r i a l s  whose t r a n s m i t t a b i l i t y  w i l l  n o t  d e t e r i o r a t e  wi th  f l i g h t  

t ime and environment .  

These c r u i s e  m i s s i l e  system requi rements  can be t r a n s l a t e d  i n t o  pe r -  

formance c h a r a c t e r i s t i c s  which a r e  d r i v e n  by t h e  v a r i o u s  t echno log ie s  mentioned 

above. Fu tu re  c r u i s e  m i s s i l e s  w i l l  r e q u i r e  improved performance c h a r a c t e r i s t i c s  

which i n  t u r n  w i l l  depend on t echno log ica l  advances,  g e n e r a l l y  i n  more than  one 

a r e a .  

improvement f a c t o r s  which depend on t h e  va r ious  technologies  and advances t h e r e i n .  

An a t tempt  w i l l  be made t o  r e l a t e  performance improvement a r e a s  t o  t y p i c a l  
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Before doing  so ,  however, i t  must be recognized t h a t  i n  a d d i t i o n  t o  

performance c h a r a c t e r i s t i c s ,  t h e r e  e x i s t  equa l ly  impor tan t  economic c h a r a c t e r -  

i s t i c s ,  such a s  c o s t  (of  development,  p roduct ion ,  and o p e r a t i o n ) ,  s i m p l i c i t y  

of t h e  system ( r e q u i r i n g  l e s s  t r a i n i n g  of ope ra t ing  pe r sonne l ) ,  and l o g i s t i c  

c o n s i d e r a t i o n s  ( i n  subsystems,  components, p a r t s ,  m a t e r i a l ,  e t c  .) , These eco- 

nomic c h a r a c t e r i s t i c s  can be s t r o n g l y  a f f e c t e d  by some of t h e  same t echno log ica l  

f a c t o r s  which c o n t r o l  performance c h a r a c t e r i s t i c s .  

Hence, both performance and economic improvement a r e a s  can be r e l a t e d  

t o  va r ious  c o n t r i b u t i n g  f a c t o r s  which depend on t h e  c a p a b i l i t i e s  of one o r  more 

t echno log ica l  a r e a s .  

3 . 2  Improvement Areas ,  Technology Involvement,  and Con t r ibu t ing  Phys ica l  
and Design F a c t o r s  

Performance improvements g e n e r a l l y  p l a c e  demands on phys ica l  f a c t o r s  

by r e q u i r i n g  o p e r a t i o n  a t  h i g h e r  speeds ,  o r  over  a broader  range of  a l t i t u d e s ,  

or w i t h  g r e a t e r  maneuverabi l i ty ,  o r  w i th  lower s i g n a t u r e s ,  weight ,  o r  volume, 

most of which a r e  c o s t l y ,  i . e . ,  a f f e c t  economics a d v e r s e l y .  On t h e  o t h e r  hand, 

economic improvements, such a s  lower t o t a l  ( o r  l i f e  c y c l e )  c o s t  may mean s a c r i -  

f i c i n g  some performance c h a r a c t e r i s t i c s  wi thout  compromising t h e  b a s i c  miss ion  

requi rements  s i g n i f i c a n t l y .  Hence, some ba lance  must be found between performance 

and economics i n  a p p l i c a t i o n  of advanced t echno log ie s .  

To h e l p  f i n d  such a ba lance ,  an a t tempt  has  been made i n  Chart  3-1 t o  

r e l a t e  performance and economic improvement a r e a s  t o  v a r i o u s  c o n t r i b u t i n g  f a c t o r s  

which i n  t u r n  depend on t h e  ou tpu t  of  one o r  more t echno log ie s .  The m a j o r i t y  of 

t h e  c o n t r i b u t i n g  f a c t o r s  l i s t e d  a r e  "phys ica l"  i n  n a t u r e  and a r e  so i d e n t i f i e d .  

The l a s t  t h r e e  f a c t o r s  a r e  des ign  goa l s  which have a major impact on economics 

and a r e  l i s t e d  a s  "design" f a c t o r s .  Some of t h e s e  f a c t o r s ,  however, can a l s o  

have an impact on performance.  For example, an eas i ly-produced  m a t e r i a l  f o r  

thermal  p r o t e c t i o n  o r  f o r  r a d a r  abso rp t ion  may l o s e  i t s  p r o t e c t i v e  c h a r a c t e r i s -  

t i c s  much f a s t e r  t han  d e s i r e d  f o r  t h e  l i f e  of t h e  s y s t e m ,  o r  i t  may r e q u i r e  

s p e c i a l  (and c o s t l y )  environmental  p r o t e c t i o n  o r  s p e c i a l  hand l ing  i n  o r d e r  t o  

r e t a i n  i t s  in tended  performance c h a r a c t e r i s t i c s .  

A s  s t a t e d  e a r l i e r ,  t h e  phys i ca l  and des ign  f a c t o r s ,  which make demands 

on t h e  t echno log ie s  i f  improvements a r e  t o  be made i n  t h e  a r e a s  desc r ibed  i n  

Chart  3-1, w i l l  i n f l u e n c e  t h e  p r i o r i t i e s  i n  a s s e s s i n g  those  improvement a r e a s  

( S e c t i o n  6) and i n  recommending technology r e sea rch  programs (Sec t ion  7). 
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I n  a d d i t i o n  t o  no t ing  i n  t h e  m a t r i x  of Chart  3-1 those  "phys ica l"  

and "design" f a c t o r s  which a r e  most i n f l u e n t i a l  i n  achiev ing  improvements i n  

performance o r  economics, t h e  technology ( o r  t echno log ie s )  a r e  i d e n t i f i e d  

which r e q u i r e  most c o n s i d e r a t i o n  i n  each c a s e .  For example, improving pene t r a -  

t i v i t y  r e q u i r e s  moving w i t h  s t e a l t h  (obse rvab le s )  a s  qu ick ly  a s  p o s s i b l e  ( speed)  

and a long  a pa th  on which d e t e c t i o n  i s  made d i f f i c u l t  ( a l t i t u d e ) .  

enhance p e n e t r a t i v i t y ,  a "speed-up" c a p a b i l i t y  nea r  t h e  t a r g e t  a r e a  and a 

c a p a b i l i t y  t o  outmaneuver a de fens ive  m i s s i l e  should be cons ide red .  The f a c t o r  

"observables"  r e q u i r e s  work i n  aerodynamics t o  des ign  e f f i c i e n t  a i r f r ames  w i t h  

low senso r  s i g n a t u r e s  ( e . g . ,  low r a d a r  c r o s s - s e c t i o n ) ;  i n  p ropu l s ion ,  t o  des ign  

i n l e t s  w i th  low r a d a r  c r o s s - s e c t i o n ,  t o  minimize t h e  n o i s e  from t h e  e n t i r e  pro-  

pu l s ion  system, and t o  dec rease  t h e  i n f r a r e d  s i g n a t u r e  from t h e  engine and i t s  

exhaus t ;  and i n  s t r u c t u r e s  and m a t e r i a l s  t o  develop a i r f r ames  us ing  r a d a r  ab- 

so rb ing  pr imary s t r u c t u r e  (RAPS) o r  a p p l i c a t i o n s  of  r a d a r  absorb ing  m a t e r i a l  

(RAM) which do n o t  p e n a l i z e  performance of t h e  o t h e r  t echno log ie s .  The f a c t o r s  

"speed" and " a l t i t u d e "  t o  i n c r e a s e  p e n e t r a t i v i t y  must a l s o  be  cons idered  by a l l  

t h r e e  t echno log ie s  s i n c e  they  u s u a l l y  i n f l u e n c e  t h e  geometry of t h e  aerodynamic 

c o n f i g u r a t i o n ,  t h e  s i z e  and type  of p ropu l s ion  system, and t h e  m a t e r i a l s  and 

s t r u c t u r a l  methods used i n  b u i l d i n g  t h e  a i r f r a m e .  The most l i k e l y  a x i a l  maneuver 

t o  i n c r e a s e  p e n e t r a t i v i t y  i s  a "dash phase" i n  t h e  t e rmina l  approach t o  t h e  

t a r g e t ,  r e q u i r i n g  an inc reased  p ropu l s ive  c a p a b i l i t y  and, p o s s i b l y ,  aerodynamic 

mod i f i ca t ions  f o r  a r e l a t i v e l y  s h o r t  p e r i o d .  An aerodynamic c o n f i g u r a t i o n  which 

can provide  l a t e r a l  maneuvers wi th  quick response  t o  evade de fens ive  m i s s i l e s  

(wi th  a p p r o p r i a t e  h e l p  from p ropu l s ion  and s t r u c t u r e s  a s  w e l l )  i s  a l s o  an impor- 

t a n t  f a c t o r  f o r  improving p e n e t r a t i v i t y .  

To f u r t h e r  

A s m a l l  volume enhances p e n e t r a t i o n  bu t  pu ts  a f u r t h e r  demand on t h e  

t h r e e  t echno log ie s  be ing  cons idered  because t h i s  f a c t o r  u s u a l l y  imp l i e s  a h i g h e r  

d e n s i t y  missi le  t o  achieve  t h e  miss ion .  Smal l e r  engines  wi th  h i g h e r  d e n s i t y  

f u e l ,  more e f f e c t i v e  l i f t  w i th  smaller l i f t i n g  e lements ,  and less a l lowab le  

volume f o r  s t r u c t u r a l  m a t e r i a l  a r e  cha l l enges  t o  t h e  t echno log ie s .  

S i m i l a r l y ,  l auncher  c o n s t r a i n t s  ( o t h e r  t han  weight and volume) such a s  

a l lowable  shape,  span ,  c o m p a t i b i l i t y  wi th  t h e  c a r r i e r ,  e t c . ,  r e s u l t  i n  s i m i l a r  

demands on t h e  t h r e e  t e c h n o l o g i e s ,  

The des ign  f a c t o r s  a f f e c t i n g  p e n e t r a t i v i t y  r e q u i r e  t h a t  t h e  s t r u c -  

t u r e  ( m a t e r i a l )  be produced and maintained t o  t h e  r equ i r ed  s i g n a t u r e  
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characteristics. Actual operation with enhanced penetration capability 

requires consideration of one or more of the technologies involved de- 

pending on the specific design approach used. This less specific relation- 

ship is denoted by X in Chart 3-1. 

In the case of range improvement, the significant parameters are 

generally speed, weight, flight path (altitude), specific fuel consumption, 

lift and drag. In contrast to penetrativity, speed and altitude here embrace 

primarily aerodynamics and propulsion, while structures as well as aero- 

dynamics and propulsion contributes to the weight and volume factors. 

When time-to-target is a governing condition (as in some medium- 

range defensive missile systems), speed, optimum altitude, axial accelera- 

tion, and minimum weight are the contributing factors to be considered. 

These factors usually have a greater impact on the propulsion system design 

but they do also affect the aerodynamic and structures technologies as shown in 

the Chart. Design considerations for maintainability (in storage or readi- 

ness) and operability (under field conditions) apply to this area and may 

affect one or more of the technologies. 

Terminal accuracy, as noted previously, requires good dynamic 

response which, in turn, is dependent on speed, axial and lateral accelera- 

tion, and to a lesser extent, weight and its distribution. Lateral maneuvera- 

bility requirements have a major impact on the aerodynamic configuration. 

The launch constraint must call on propulsion and materials (structures) to 
avoid contamination of guidance and terminal sensors required for terminal 

accuracy. Maintainability and operability must be equally designed for in 

this area. 

Pre-launch survivability can be best achieved by concealment or 

mobility of  the launch site and/or by rapidly launching the missiles on the 

assigned missions. The latter item can be improved by minimizing take-off 

weight and maximizing take-off thrust. These objectives relate directly to 

structures and propulsion, respectively. However, propulsion and structures 

are also depended upon not to degrade prelaunch survival due to the environ- 

ment of a constrained launch. Design considerations for maintainability and 

operability apply in this area as well. 
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I n  t h e  case  of  improvement a r e a s  i n  Economics, t h e  d i s c u s s i o n  

w i l l  concern t h e  impact  of  t h e  c o n t r i b u t i n g  f a c t o r s  i n  a gene ra l  way 

( i n d i c a t e d  by X i n  Char t  3-1) s i n c e  t h e  pr imary  recommendations f o r  t e c h -  

nology i n v e s t i g a t i o n s  a r e  r e l a t e d  t o  performance improvements r a t h e r  t han  

c o s t  r e d u c t i o n .  The l a t t e r  f i e l d  would be handled more a p p r o p r i a t e l y  by 

an o r g a n i z a t i o n  wi th  expe r i ence  i n  p roduc t ion  t echn iques .  

Any e f f o r t  t o  change t h e  obse rvab le s  ( r a d a r ,  a c o u s t i c ,  i n f r a r e d ,  

v i s i b l e ,  e t c . )  by geometr ic  mod i f i ca t ion ,  c o a t i n g s ,  m a t e r i a l  changes, e t c . ,  

i s  l i k e l y  t o  l e a d  t o  a more complex des ign  which would be  more c o s t l y  t o  pro-  

duce and ma in ta in  o p e r a t i o n a l l y .  Design f o r  h i g h e r  speed would l ead  t o  i n -  

c r eased  requi rements  on the  engine  and, accompanying t h e  h i g h e r  speed,  t h e  

h i g h e r  tempera ture  would u s u a l l y  r e q u i r e  improved m a t e r i a l s ,  p a r t i c u l a r l y  i f  

t h e  h i g h e r  speed m i s s i l e  must o p e r a t e  a t  low a l t i t u d e s .  Thermal p r o t e c t i o n  

g e n e r a l l y  a f f e c t s  s i m p l i c i t y  of des ign  and adds t o  c o s t .  

The need f o r  a x i a l  maneuverab i l i t y ,  t h a t  i s ,  t h e  a b i l i t y  t o  speed 

up o r  s low down, can be achieved  by v a r i a b l e  geometry i n  t h e  p ropu l s ion  

sys tem and/or  c o n t r o l  of  f u e l  r a t e .  For  a i r - b r e a t h e r s ,  v a r i a b l e  geometry i n -  

l e t s  and e x i t  nozz le s ,  and f o r  r o c k e t s ,  v a r i a b l e  burn ing  r a t e s  and v a r i a b l e  

geometry n o z z l e s ,  add complexi ty  and c o s t .  

L a t e r a l  maneuverab i l i t y  can be improved through a d d i t i o n  of l i f t i n g  

s u r f a c e  a r e a  o r  o p e r a t i o n  a t  h ighe r  ang le s  of a t t a c k ,  assuming g iven  speed 

reg imes .  La rge r  l i f t i n g  s u r f a c e s  can add t o  l o g i s t i c s  problems and o p e r a t i o n  

a t  h igh  a n g l e s  o f  a t t a c k  adds dynamic complex i t i e s  r e s u l t i n g  from aerodynamic 

coup l ing .  

Gene ra l ly ,  any r e d u c t i o n s  i n  weight  and lo r  volume would be  expec ted  

t o  improve l o g i s t i c s  problems.  They may i n  some i n s t a n c e s ,  however, l e a d  t o  

inc reased  c o s t s  i n  p roduc t ion  i f ,  f o r  example, t h e  dec rease  i n  volume r e s u l t s  

i n  dense r  sub-systems which a r e  more d i f f i c u l t  t o  assemble.  For  t h e  same 

reasons ,  l auncher  c o n s t r a i n t s  on weight ,  volume, o r  geometry sometimes f o r c e  

t h e  des ign  i n t o  a less  than  optimum c o n f i g u r a t i o n  wi th  more complex a r r ange -  

ments f o r  accomplishing t h e  m i s s i o n .  For  example, r e s t r i c t e d  span  f o r  ae ro -  

dynamic s u r f a c e s  i n  a launching  system may r e q u i r e  use  of  f o l d i n g  and un fo ld -  

i n g  mechanisms f o r  t h e  s u r f a c e s .  

1 2  



The design factors of producibility, maintainability, and opera- 

bility are obviously the strongest influences on the economic areas. 
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4 .  Review of Technology 

4 .1  Fore ign  M i s s i l e s  

A review of t h e  medium- and long-range m i s s i l e s  i n  t h e  USSR a r s e n a l  

(Refs .  4 .1 ,  4 . 2 ,  4 .3 ,  4 . 4 )  i n d i c a t e s  t h a t  g e n e r a l l y  t h e  des igne r s  a r e  n o t  

pushing t h e  s t a t e - o f - t h e - a r t  bu t  r a t h e r  a r e  us ing  proven components, assem- 

b l i n g  them i n  m i s s i l e s  t o  accomplish some s p e c i f i c  miss ions  and deploying  

them a s  e a r l y  as p o s s i b l e .  I t  does not  appear  t h a t  much cons ide ra t ion  has  

been g iven  t o  p e n e t r a t i v i t y ,  t h a t  i s ,  reducing s u s c e p t i b i l i t y  t o  being 

d e t e c t e d ,  t r acked ,  and i n t e r c e p t e d  be fo re  complet ing t h e  miss ion .  A t  t h e  

t ime of deployment of many of t hese  weapons (1960 's ) ,  however, t h e r e  was 

probably l i t t l e  concern f o r  such a problem s i n c e  t h e r e  were no very s o p h i s t i -  

ca t ed  de fense  sys tems.  

The e a r l i e r  a i r - t o - s u r f a c e  and s u r f a c e - t o - s u r f a c e  missiles of t h e  

"c ru i se"  type  such a s  t h e  AS-1 (Kennel) and S S C - 2 B  (Samlet)  used t u r b o j e t  

engines  a t  h igh  subsonic  speeds i n  a i r p l a n e - l i k e  c o n f i g u r a t i o n s  wi th  swept 

wings.  L a t e r  missi les  designed f o r  high speeds r e t a i n e d  t h e  a i r p l a n e - l i k e  

c o n f i g u r a t i o n  and used improved t u r b o j e t s  o r  l i q u i d  rocke t s  €o r  p ropu l s ion ,  

ach iev ing  speeds i n  t h e  low supe r son ic  range .  

Two o t h e r  m i s s i l e s  which should be noted a r e  t h e  F r e n c h - I t a l i a n  

OTOMAT wi th  c ruc i fo rm wings and t a i l s  and t h e  Swedish RB08A, an outgrowth 

of an a i r p l a n e - l i k e  drone .  Both a r e  h igh  subsonic  t u r b o j e t s  boosted t o  

c r u i s e  speed by s e p a r a b l e  s o l i d  rocke t  b o o s t e r s .  

There i s  no i n d i c a t i o n  t h a t  any of t h e  m i s s i l e s  l i s t e d  i n  Chart  4-1 

have used any advanced technology i n  aerodynamics,  p ropu l s ion ,  o r  s t r u c t u r e s ,  

14 
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4.2 U. S .  Missiles 

Some representative U. S. missiles (both air-to-surface and 

surface-to-surface) have been listed in Chart 4-2 (Refs. 4 . 1 , 4 . 2 , 4 . 3 , 4 . 4 )  to 

exemplify the types of missiles to be examined for improvement potential 

based on advances in technology. 

The operational missiles, Hound Dog and S U M ,  were designed to 

achieve high speeds with the then available rocket and turbojet propulsion 

and fuel technologies and used fairly conventional structural and aero- 

dynamic approaches. Efforts at reducing radar cross-section (RCS) were 

applied t o  the S U M  configuration from the beginning of development (Ref. 4 . 5 )  

while the Hound Dog was "cleaned up" electromagnetically in a retrofit 

effort (Ref. 4 . 5 ) .  

The operational Harpoon, and the ALCM and Tomahawk, currently 

under development, benefitted essentially from two technological advances 

over the past ten years. First, the significant, breakthrough-like com- 

bination of modern microprocessor technology with advanced terminal sensors 

and the development of the TERCOM guidance and navigation system which pro- 

vided autonomous navigation and enhanced low altitude penetrativity even in 

the subsonic speed regime of these missiles. Second, the advances in small 

turbojet and turbofan engines and fuel improvements made possible the 

significant range capabilities of the relatively small ALCM/Tomahawk family 

of missiles. 

Again, consideration has been given to incorporating techniques for 

lowering the RCS of the basic ALCM and Tomahawk configurations, including 

the use of radar absorbing materials (RAM). Although some optimization studies 

were used during the design stages of these missiles, no real advances in 

aerodynamics were needed to provide the desired airframe characteristics. 

The structural technology used appears to be quite conventional except f o r  

the use of RAM to achieve the desired RCS goals. 
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4.3 

Advanced 

Some Cur ren t  Research A c t i v i t i e s  Rela ted  t o  C r u i s e  Missile 
Technology 

A c u r r e n t  four-component program, sponsored by the  Defense 

Research P r o j e c t s  Agency (DARPA), addres ses  s e v e r a l  of t he  

improvement a r e a s  noted  i n  t h e  m a t r i x  of Char t  3-1. 

One component i s  devoted t o  t h e  technology o f  c r u i s e  miss i le  

d e t e c t i o n  i n  o r d e r  t o  b e t t e r  unders tand  t h e  phenomena used i n  d e t e c t i n g  

c r u i s e  mi s s i l e s .  A r e l a t e d  component, d e a l i n g  w i t h  m i s s i l e  c o n f i g u r a t i o n s ,  

has  a s  i t s  o b j e c t i v e  t h e  improvement of mi s s i l e  s u r v i v a b i l - i t y  ( through 

s t e a l t h )  and an i n c r e a s e  i n  range  and payload c a p a b i l i t y .  The importance 

p l aced  on p e n e t r a t i v i t y  i s  noted  by t h e  emphasis on unde r s t and ing  t h e  

p o t e n t i a l  methods of  d e t e c t i o n  and t h e n  t r y i n g  t o  des ign  mis s i l e s  t o  mini-  

mize t h e i r  d e t e c t a b i l i t y .  

One of  t h e  technology a r e a s  r e c e i v i n g  a t t e n t i o n  i n  ano the r  com- 

ponent  of t h e  program i s  t h a t  o f  p r o p u l s i o n .  The o b j e c t i v e  h e r e  i s  t o  

reduce  t h e  t h r u s t  s p e c i f i c  f u e l  consumption from t h a t  of  p r e s e n t  t u r b o f a n s .  

Two new engine  concepts  a r e  under  i n v e s t i g a t i o n :  (1) a compound-cycle 

t u r b o f a n  by t h e  G a r r e t t  Ai . r  Research Corp., and ( 2 )  a th ree - spoo l  t u rbo fan  

wi th  one o f f - a x i s  spool  by t h e  Teledyne-Ryan Co. 

An improvement i n  t e rmina l  accuracy  through development o f  an 

autonomous t e rmina l  homing sys tem c o n s t i t u t e s  t h e  f o u r t h  element  of t h e  

DARPA program. 

The U. S .  A i r  Force  has  a l s o  been suppor t ing  i n v e s t i g a t i o n s  i n  

Advanced Technology f o r  Cru i se  Missiles (ATCM) wi th  c o n t r a c t s  a t  Boeing A i r c r a f t  

Co. , McDonnel1 Douglas A s t r o n a u t i c s  Co., General  Dynamics/Convair, Rockwell 

I n t e r n a t i o n a l ,  and Mar t in  M a r i e t t a .  Research i s ,  o r  w i l l  be ,  suppor ted  i n  

s e v e r a l  a r e a s  of aerodynamics,  p ropu l s ion ,  and s t r u c t u r e s  and m a t e r i a l s  based 

on t h e  needs  po in ted  o u t  by s e v e r a l  mi s s ion -e f f ec t iveness  s t u d i e s .  These 

r e s e a r c h  a r e a s  i n c l u d e  i n v e s t i g a t i o n s  of  r a d a r  absorb ing  pr imary s t r u c t u r e  

(RAPS) a s  we l l  as t h e  use  of  r a d a r  absorb ing  m a t e r i a l  (RAM) f o r  c o a t i n g  a 

pr imary s t r u c t u r e  t o  reduce  t h e  r a d a r  c r o s s - s e c t i o n  (RCS). Research on ad- 

vanced composi tes  con t inues  t o  r e c e i v e  s t r o n g  s u p p o r t .  
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I n  aerodynamics,  a s tudy  e n t i t l e d  "Aero-configured M i s s i l e s "  has  

been under  way a t  McDonnell-Douglas-East. The o b j e c t i v e  of Phase I i s  t o  

provide  upper bounds on a v a i l a b l e  l i f t - d r a g  r a t i o ,  LID, maximum l i f t  coef -  

f i c i e n t ,  CL 

c o n f i g u r a t i o n  can achieve  i f  no l i m i t a t i o n s  a r e  p laced  on t h e  des ign .  A l -  

though aimed a t  t h e  supersonic-hypersonic  speed regime, some t r a n s o n i c  work 

i s  i nc luded .  The c h a r a c t e r i s t i c s  of t h e  numerous c o n f i g u r a t i o n s  a r e  p re -  

d i c t e d  by means of a v a i l a b l e  computer programs and checked by wind tunne l  

t e s t s  a t  t h e  Arnold Engineer ing Development Center  (AEDC) wind tunnel  

f a c i l i t i e s .  

, and minimum drag  c o e f f i c i e n t ,  CD 
max min 

, t h a t  an aerodynamic 

The second phase w i l l  narrow t h e  c o n f i g u r a t i o n  choices  by i n t r o -  

ducing t h e  e f f e c t s  of p ropu l s ion  sys tems.  The t h i r d  phase w i l l  i n t roduce  

f u r t h e r  m i s s i l e  system l i m i t a t i o n s ,  i nc lud ing  requirements  f o r  reduced r ada r  

c r o s s - s e c t i o n .  The l a t t e r  c o n s i d e r a t i o n  has  a c t u a l l y  had some i n f l u e n c e  on 

Phase I .  

The p ropu l s ion  program inc ludes  s t u d i e s  of changes i n  supe r son ic  

i n l e t  des ign  t o  improve RCS, t e s t s  of woven-carbon-carbon m a t e r i a l  f o r  t he  

wa l l s  (wi thout  i n s u l a t i o n )  of convent iona l  hydrocarbon-burning ramje t  combus- 

t o r s  i n  supe r son ic  m i s s i l e s ,  and s t u d i e s  of carbon s l u r r y  and boron s l u r r y  f u e l s .  

A s  no ted  above, t h e  s t r u c t u r e s  work i s  concen t r a t ed  on r e sea rch  on 

advanced composi tes  and on t h e  use  of  r a d a r  absorb ing  primary s t r u c t u r e .  

The importance being p laced  on dec reas ing  r a d a r  s i g n a t u r e s  i s  noted  by t h e  

f a c t  t h a t  RCS s t u d i e s  have been made on s e v e r a l  m i s s i l e  c o n f i g u r a t i o n s  a s  

w e l l  as s t u d i e s  of  t h e  e f f e c t s  of high tempera ture  on RAM. 

A review of t h e  U. S .  Navy's a c t i v i t i e s  i n  m i s s i l e  aerodynamics,  

p ropu l s ion ,  and s t r u c t u r e s ,  as r e p o r t e d  i n  t h e  annual  r e p o r t s  of  t h e  Navy 

A e r o b a l l i s t i c s  Committee ( e .g . ,  Ref .  4.6) i n d i c a t e s  t h a t  some work i s  be ing  

done i n  s e v e r a l  a r e a s  a p p l i c a b l e  t o  t h e  development o f  "c ru i se"  m i s s i l e s .  

I n  t h e  Advanced Long Range Ai r - to -Ai r  M i s s i l e  (ALRAAM) program, low c o s t  

p roduc t ion -qua l i ty  ramje t  i n l e t s  were eva lua ted  by comparison wi th  wind-tunnel  

q u a l i t y  i n l e t s  and t h e  r e s u l t s  i n d i c a t e  t h a t  s a t i s f a c t o r y  performance was pro-  

v ided .  

supe r son ic  i n l e t s  f o r  t u r b o j e t ,  r amje t ,  and rocke t - r amje t  missi le  a p p l i c a t i o n s .  

Seve ra l  on-going programs a r e  concerned wi th  development of  improved 
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Since  both medium and long  range supe r son ic  c r u i s e  m i s s i l e s  w i l l  depend 

on a i r - b r e a t h i n g  p ropu l s ion ,  t h e s e  m i s s i l e s  must ach ieve  e f f i c i e n c y  through 

a coord ina ted  development of  t h e  p ropu l s ion  system and t h e  aerodynamic 

c o n f i g u r a t i o n .  Some of t h e  s t r i n g e n t  launcher  c o n s t r a i n t s  of t h e  Navy 

systems pu t  a f u r t h e r  premium on t h i s  coord ina ted  approach being t aken .  

I n v e s t i g a t i o n s  a r e  a l s o  under way on a b l a t i v e  l i n e r  m a t e r i a l  f o r  thermal 

p r o t e c t i o n  i n  ramje t  combustors .  

Another a r e a  of gene ra l  i n t e r e s t  i s  t h e  eva lua t ion  of  e f f e c t s  of 

e ros ion  r e s u l t i n g  from r a i n  o r  d u s t  o r  of aerodynamic h e a t i n g  on both mechani- 

c a l  and e l ec t romagne t i c  p r o p e r t i e s  of radomes. 

I n  o r d e r  t o  o b t a i n  exper ience  wi th  m i s s i l e  wings of  composite 

m a t e r i a l s ,  t h e  Tomahawk c o n t r a c t o r  has  been au tho r i zed  t o  develop such a 

wing. L i g h t e r  weight  and a reduced r a d a r  c r o s s  s e c t i o n  a r e  expected t o  re- 

s u l t  from t h i s  a p p l i c a t i o n .  

I n  t h e  case  of s t r u c t u r e s  and m a t e r i a l s  f o r  hypersonic  m i s s i l e s ,  

p a r t i c u l a r l y  f o r  l e a d i n g  edges,  combustors,  and nozz les ,  m a t e r i a l  s c reen ing  

has  been under  way t o  s e l e c t  t hose  m a t e r i a l s  wi th  p r o p e r t i e s  s u i t a b l e  f o r  

t h e  environments t o  be exper ienced .  I n  some cases ,  p r o p e r t i e s  of cand ida te  

m a t e r i a l s  have n o t  y e t  been c h a r a c t e r i z e d  over  t h e  f u l l  t empera ture  range 

needed. 

Because of t h e  span l i m i t a t i o n s  i n  e x i s t i n g  launching  systems and 

those  under  development,  wrap-around and/or  f o l d i n g  s u r f a c e s  a r e  be ing  

s t u d i e d  f o r  s e v e r a l  m i s s i l e  a p p l i c a t i o n s  s i n c e  they o f f e r  p o t e n t i a l  advantages 

i n  packaging e f f i c i e n c y .  

I n  summary, there i s  a modest amount of suppor t  i n  technology develop-  

ment which i s  a p p l i c a b l e  t o  m i s s i l e s  i n  gene ra l  wi th  some of t h e  programs 

s p e c i f i c a l l y  d i r e c t e d  toward p o t e n t i a l  improvements i n  c r u i s e  m i s s i l e  sys tems.  
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5 .  P o t e n t i a l  Areas f o r  Advances i n  Technology 

A r e l a t i o n s h i p  between improvement a r e a s  and c o n t r i b u t i n g  t ech -  

nology f a c t o r s  was sugges ted  i n  S e c t i o n  3 (Char t  3 -1) .  I n  t h i s  S e c t i o n ,  

s p e c i f i c  t o p i c s  of r e sea rch  and development i n  aerodynamics, p ropuls ion ,  

and s t r u c t u r e s  and m a t e r i a l s  a r e  assembled i n t o  t h r e e  l i s t s  which a r e  

thought  t o  c o n t r i b u t e  t o  t h e  d e s i r e d  performance improvements. It should 

be recognized t h a t  advances i n  one technology a r e a  w i l l  l i k e l y  have some 

e f f e c t  on t h e  o t h e r  t echno log ie s .  Furthermore,  some a r e a s  r e q u i r e  a coor-  

d ina t ed  e f f o r t  i n  s e v e r a l  t echno log ie s  t o  achieve  t h e  sough t - fo r  improve- 

ments.  F i n a l l y ,  t h e  need f o r  cons ide r ing  economic improvements a s  we l l  

should no t  be overlooked but  w i l l  no t  be s p e c i f i c a l l y  d i scussed  h e r e  a s  t h a t  

has  been done i n  S e c t i o n  3 .  

A review of Chart  3-1 shows t h a t  range and t i m e - t o - t a r g e t  improve- 

ments involve  many of t h e  same t echno log ie s .  The same i s  t r u e  f o r  improve- 

ments i n  t e rmina l  accuracy  and pre- launch s u r v i v a b i l i t y ,  both implying i m -  

proved maneuverab i l i t y .  To s i m p l i f y  t h e  subsequent  d i s c u s s i o n ,  t h e  a r e a s  of 

t e rmina l  accuracy and pre- launch  s u r v i v a l  have been combined i n t o  maneuvera- 

b i l i t y  and t h e  range a r e a  now inc ludes  t h e  t i m e - t o - t a r g e t  a r e a .  Hence, t h e  

f i v e  improvement a r e a s  l i s t e d  i n  Chart  3-1 reduce t o  t h r e e ,  namely, Pene t r a -  

t i v i t y ,  Range, and Maneuverabi l i ty .  I n  Char t s  5-1, 5-2, and 5-3 t h e s e  t h r e e  

improvement a r e a s  a r e  r e l a t e d  t o  s e v e r a l  t o p i c s  of r e sea rch  made up of 

s p e c i f i c  i t ems  l i s t e d  by l e t t e r  and number of t h e  technology i tems  g iven  on 

t h e  fo l lowing  pages .  

I n  t h e s e  l i s t s ,  t h e  numbering does n o t  imply o r d e r  of importance 

which can on ly  be a t tempted  a f t e r  d i s c u s s i n g  r e l a t i v e  m e r i t s  i n  S e c t i o n  6 .  

Furthermore,  t h e  p r i o r i t i e s  w i l l  depend on s p e c i f i c  missiles des igned  t o  meet 

s p e c i f i c  miss ion  r equ i r emen t s .  

A subsequent  S e c t i o n  ( S e c t i o n  7 )  sugges t s  technology programs of 

s u f f i c i e n t  importance t o  f u t u r e  c r u i s e  m i s s i l e  development t h a t  they  may be 

cons idered  h igh  p r i o r i t y  r e sea rch  t o p i c s .  
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Aerodynamics 

A - 1  

A- 2 

A- 3 

A-4 

A- 5 

A- 6 

A- 7 

A-8 

A-9 

Measurements of radar cross-section (RCS) and relevant aerodynamic 

characteristics of configurations and their components (bodies, fixed 

and movable surfaces, protuberances, depressions, gaps, fillets, radii 

of leading and trailing edges) and trade-off studies between RCS and 

aerodynamic effectiveness for modifications in geometry or location of 

these components. 

Development of computer programs for use in design trade-offs between 

RCS and aerodynamic performance. 

Airframe-engine integration with or without decreased RCS as a constraint. 

Optimization of the flight efficiency parameter V(L/D), where V = speed, 

L = lift, D = drag, particularly for supersonic cruise, to improve range; 

also, optimization of L/D for flight at constant altitude with lift being 

decreased in proportion to fuel usage. 

Investigation of potential L/D ratios for supersonic/hypersonic cruise 

missiles of generic type. 

Methods of wind-tunnel simulation of hypersonic air-breathing missiles, 

accounting for internal and external viscous effects. 

Convective heating studies on missile components in supersonic-hypersonic 

regime t o  account for flow field modifications resulting from roughness, 

vorticity, shock interaction, slip lines, unsteady flow. 

Development of high lift devices which, when deployed, will not affect 

significantly the basic low RCS silhouette. 

Continued research in aerodynamics at high angle of attack and in methods 

of reducing or controlling dynamic coupling resulting therefrom. 
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P ropul s ion 

P-1  

P -2  

P - 3  

P-4 

P-5 

P-6 

P-7 

P-8 

P-9 

P-10 

Measurement of radar cross-section (RCS) and propulsion performance 

parameters (mass capture, pressure recovery, cowl drag, degree of flow 

uniformity into engine) of inlets of varied shapes and body locations 

and trade-off studies between RCS and inlet performance. 

Measurements of RCS and propulsion performance parameters (effective 

thrust, acceleration capability) of varied exhaust nozzle shapes and 

afterbody geometries and trade-off studies between RCS and nozzle 

performance. 

Further development of fuels (liquid, liquid plus additives, and solid) 

to improve energy per unit volume or weight, to increase density, to im- 

prove physical characteristics (strength, safety, combustion efficiency), 

Improvement in engine performance through use of variable geometry in 

nozzles and inlets. 

Development of nozzle-less rockets to increase solid propellant mass 

fraction. 

Development of simple, smooth and rapid transition from rocket to ramjet 

operation in integral rocket-ramjet propulsion systems, and optimization 

of staging. 

Improvement of inlet capability at angles of attack and yaw including 

development of advanced computational techniques to permit preliminary 

design of inlets in non-uniform flow fields (resulting from body o r  

wing interference, angle of attack or yaw). 

Development of computer programs for boattail and power-on base flow 

fields to aid in optimizing the airframe-nozzle integration. 

Development of structural and insulating materials and cooling techniques 

capable of permitting engine operation at higher temperatures. 

Cycle and design improvements to turbo-engines. 
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Structures and Materials 

s-1 

s - 2  

s - 3  

s -4 

s -5  

S - 6  

Development of analytic methods (verified by suitable experimental data) 

to aid in structural design trade-offs among load-carrying capability, 

thermal protection, and reduced radar cross-section. 

Development of primary structures using radar attenuating material, and 

comparison with non-radar-attenuating primary structure which uses 

coating material for reducing radar cross section. 

Compilation of a handbook of data on the advanced composite materials 

including physical properties relating to load-carrying ability, electro- 

magnetic or thermal absorption, changes in physical properties with 

environmental conditions, and failure criteria. 

Development of low-cost fabrication methods, process technology, methods 

of attachment, methods of stress analysis and criteria for instability 

and buckling of advanced composite materials when applied to missiles. 

Studies of effects of rain, dust, or other particles on the structural 
integrity and transmittability of sensor domes and of means for reducing 

these effects. 

Improved definition of the shock and vibrational inputs as well as any 

fluid dynamics, inertial, and thermal loads imposed by the cruise-missile 

carriers (aircraft, ships, or submarines). 
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6 .  Assessment of P o t e n t i a l  Improvement Areas 

I n  most ca ses ,  q u a n t i t a t i v e  assessments  of performance improve- 

ments r e s u l t i n g  from advances i n  technology a r e  d i f f i c u l t  t o  make wi thout  

a p p l i c a t i o n  t o  a s p e c i f i c  m i s s i l e  designed f o r  a s p e c i f i c  mis s ion .  

more hazardous i s  t h e  f o r e c a s t i n g  of expected r e s u l t s  from r e s e a r c h  s t u d i e s  

i n  a technology a r e a  which one expec t s  t o  apply  t o  such a m i s s i l e  system. 

I n  t h i s  S e c t i o n ,  t h e  p o t e n t i a l  improvement a r e a s  of  S e c t i o n  5 a r e  d i scussed  

i n  more d e t a i l ,  backed up whenever p o s s i b l e  by i l l u s t r a t i o n s  of r e l a t e d  

work o r  p r o j e c t i o n s  based on p a s t  expe r i ence .  It i s  hoped t h a t  such a d i s -  

cuss ion  w i l l  sugges t  t h e  r e l a t i v e  m e r i t s  of t h e  va r ious  improvement a r e a s  

with t h e  u l t i m a t e  o b j e c t i v e  of s e l e c t i n g  i n  S e c t i o n  7 s e v e r a l  r e sea rch  

a r e a s  cons idered  t o  have t h e  g r e a t e s t  b e n e f i t  t o  improved performance of 

f u t u r e  m i s s i l e s .  

Even 

6 .1  Aerodynamics 

I n  I tems A-1 ,  A - 2 ,  and A-3 of Sec .  5 t h e  need is  po in ted  ou t  f o r  

i n v e s t i g a t i o n  of r a d a r  c r o s s - s e c t i o n  of va r ious  c o n f i g u r a t i o n  e lements .  

S ince  reduced d e t e c t a b i l i t y  i s  becoming more and more impor tan t  a s  de fens ive  

systems become more s o p h i s t i c a t e d ,  t h e  s t r a t e g i c  m i s s i l e  d e s i g n e r  might be 

faced  wi th  a compromise between a h i g h l y  e f f i c i e n t  m i s s i l e  a i r f r ame  and pro-  

p u l s i o n  system wi th  undes i r ab le  r a d a r  c r o s s - s e c t i o n  (RCS) o r  an a c c e p t a b l e  

r ada r  c r o s s - s e c t i o n  f o r  a somewhat l e s s  e f f i c i e n t  missi le .  T h i s  dilemma 

i n d i c a t e s  t h e  need t o  be concerned about  RCS from t h e  o u t s e t  of t h e  m i s s i l e  

des ign  a s  emphasized i n  Ref. 6 .1 ,  and i n  Char t  3-1 of t h i s  r e p o r t .  

The major echo sources  f o r  m i s s i l e s  nose-on a r e  t h e  i n l e t s  ( i f  a i r -  

b r e a t h i n g )  and t h e  radome s e c t i o n ;  from t h e  t a i l - o n  a s p e c t ,  t h e  p r i n c i p a l  

echo i s  from t h e  exhaus t  nozz le ;  and from b roads ide  t h e  echo comes most ly  

from t h e  v e r t i c a l  t a i l s  and t h e  s i d e  of t h e  body. Genera l ly ,  one i s  more 

concerned wi th  t h e  h i g h e r  f requency r a d a r s  where t h e  wave l eng th  i s  small 

r e l a t i v e  t o  m i s s i l e  s i z e .  Some i l l u s t r a t i o n s  of RCS measurements a r e  g iven  

i n  F i g s .  6-1 and 6-2 taken  from Ref.  6 .2 ,  and F i g .  6-3 taken from Ref.  6 .3  

( s e e  foo tno te s  i n  Sec .  6 . 4 ) .  Shown i n  F i g .  6-4 taken  from Ref. 6.4 i s  a 

c a u t i o n  t o  t h e  des igne r  about t h e  e f f e c t  of s u r f a c e  i r r e g u l a r i t i e s  r e s u l t i n g  

i n  s c a t t e r i n g  of i n c i d e n t  energy which c o n t r i b u t e s  t o  RCS. 
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formulas  

F u r t h e r  e f f o r t  a long  t h e s e  l i n e s  i s  needed t o  p o i n t  t h e  way 

toward a p p r o p r i a t e  cho ices  o f  aerodynamica l ly  s a t i s f a c t o r y  elements  f o r  

t h e  c o n f i g u r a t i o n  which w i l l  tend t o  dec rease  t h e  RCS. I n  a d d i t i o n ,  

development of  s i m p l i f i e d  a n a l y t i c  methods and computer programs a r e  

needed t o  guide  t h e  p re l imina ry  des ign  i n  e s t a b l i s h i n g  a s u i t a b l e  compro- 

mise between aerodynamic e f f i c i e n c y  and reduced r ada r  c r o s s - s e c t i o n .  

A s  an example, a comparison of t h e  supe r son ic  wave d rag  a t  ze ro  

ang le  of  a t t a c k  f o r  t h e  two nose shapes  shown i n  F i g .  6-3 (cone and para-  

b o l i c  og ive )  was made u s i n g  d a t a  from R e f .  6 .7 .  A t  Mach numbers between 

1 .8  and 2 . 5  t h e  o g i v a l  shape has  only  60% of t h e  d rag  of t h e  c o n i c a l  shape 

s o  t h a t  i n  t h i s  c a s e  both r a d a r  c r o s s - s e c t i o n  and aerodynamic d r a g  b e n e f i t  

by t h e  change i n  shape from c o n i c a l  t o  o g i v a l .  I n  many cases  t h e  des igne r  

w i l l  n o t  be  t h i s  f o r t u n a t e .  

Although t h e  above d i s c u s s i o n  has  concen t r a t ed  on r a d a r  s i g n a -  

t u r e s ,  s i m i l a r  recommendations could be  made f o r  o t h e r  types  of s i g n a t u r e s ,  

such a s  i n f r a r e d .  

I t e m  A-3 a p p l i e s  e q u a l l y  w e l l  t o  both aerodynamics and p ropu l s ion  

i n  t h a t  i t  seeks  t o  emphasize t h e  u s e  of " f avorab le  i n t e r f e r e n c e "  by a 

coord ina ted  d e s i g n .  The engine  i n l e t s  can p r o f i t  by precompression from t h e  

p re sence  

by u s i n g  e x t e r n a l  d u c t i n g  o r  engine  pods as l i f t i n g  e lements .  

f o r  i n t e g r a t i o n  of  p ropu l s ion  and aerodynamics i s  i n  t h e  des ign  of  t h e  a f t  

s e c t i o n  i n c l u d i n g  t h e  nozz le ,  b o a t t a i l ,  and base  i n  o r d e r  t o  reduce  a f t - e n d  

d r a g  and maximize eng ine  t h r u s t .  

of a wing o r  a d j a c e n t  body and t h e  a i r f r ame  l i f t  can be augmented 

Another a r e a  

One of  t h e  impor tan t  f a c t o r s  i n  c r u i s e  m i s s i l e  range  i s  t h e  f l i g h t  

e f f i c i e n c y  V ( L / D )  ( I t em A-4), which appears  i n  one of t h e  Breguet  range  

where SFC = average  s p e c i f i c  f u e l  consumption, l / sec  

Wo = i n i t i a l  miss i le  g ross  weight ,  

W E = f i n a l  m i s s i l e  g ross  weight ,  
kg 

kg 
V = speed,  m /sec 

L /D = l i f t - t o - d r a g  r a t i o  
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For subsonic  c r u i s e  missiles,  c r u i s i n g  a t  very low a l t i t u d e ,  some 

o v e r a l l  improvement may be achieved by t h e  accumulat ion of s e v e r a l  small 

improvements. For  example, a s  d i scussed  i n  Ref.  6.5, t h e  a p p l i c a t i o n  of 

s u p e r c r i t i c a l  a i r f o i l s  can permi t  an i n c r e a s e  i n  e f f i c i e n t  c r u i s e  speed by 

de lay ing  t h e  t r a n s o n i c  drag  r i s e  o r  can improve s t r u c t u r a l  e f f i c i e n c y  by 

i n c r e a s i n g  wing th i ckness  wi thout  degrading  c r u i s e  speed .  

an a i r f o i l  wi th  wing sweep, c o n f i g u r a t i o n a l  a r e a  r u l i n g ,  forebody shaping ,  

and op t imiza t ion  of t h e  b o a t t a i l - b a s e - n o z z l e  s e c t i o n  may y i e l d  modest i n -  

c r eases  i n  range o r ,  i f  d e s i r e d ,  a decreased  t i m e - t o - t a r g e t  a t  t h e  same 

range .  It was r epor t ed ,  however, t h a t  t r ade -o f f  s t u d i e s  s i m i l a r  t o  t h e s e  

were made i n  t h e  Tomahawk program (Ref .  6 .6)  and i t  was concluded t h a t  t h e r e  

was no s i n g l e  a r e a  where s i g n i f i c a n t  improvements could be made. 

Combining such 

A s  po in ted  ou t  i n  I tem A-4, f o r  long range m i s s i l e s  f l y i n g  a t  

cons t an t  a l t i t u d e  wi th  l a r g e  f u e l  l oads ,  t h e  l i f t  should  be a d j u s t e d  du r ing  

f l i g h t  t o  account  f o r  t h e  dec rease  i n  weight a s  f u e l  i s  dep le t ed  i f  t h e  

m i s s i l e s a r e  t o  con t inue  t o  f l y  a t  optimum L / D .  

c a p a b i l i t y  t o  vary  t h e  i n - f l i g h t  aerodynamics t o  ma in ta in  a n e a r l y  optimum 

L I D  r a t i o .  

Thus a need e x i s t s  f o r  a 

For supe r son ic  c r u i s e  m i s s i l e s ,  t h e  p re l imina ry  des igne r  could use  

a compi la t ion  of  t h e  parameter  V(L/D) f o r  t h e  many p o s s i b l e  a i r - b r e a t h i n g  

c o n f i g u r a t i o n s  (one, two, o r  fou r  i n l e t s  l oca t ed  forward, mid-body, o r  a f t )  

c u r r e n t l y  under  i n v e s t i g a t i o n .  Combined wi th  t h i s  i n fo rma t ion  must be an 

o v e r a l l  p ropu l s ion  system f igu re -o f -mer i t  s o  t h a t  a combined aerodynamic and 

p ropu l s ion  " e f f i c i e n c y "  can be d e f i n e d .  

engine a s  g iven  i n  I tem A-3 and opt imal  s e l e c t i o n  of  speed,  a l t i t u d e ,  and 

aerodynamic c o n f i g u r a t i o n  of I t e m  A-4 should l ead  t o  cons ide rab le  improvements 

i n  a i r f r ame  performance.  

process  i s  h i g h l y  mission-dependent some combined " e f f i c i e n c y  f a c t o r s "  a r e  

needed t o  guide  t h e  d e s i g n e r ' s  cho ice .  Very l i t t l e  d a t a  a r e  a v a i l a b l e  on 

c r u i s e  m i s s i l e s  designed f o r  h igh  supe r son ic  o r  hypersonic  f l i g h t  s o  t h a t  t h e  

a r e a  f o r  r e sea rch  i s  q u i t e  broad .  

L /D r a t i o s  f o r  d i f f e r e n t  c l a s s e s  of such c r u i s e  m i s s i l e s  ( s e e  I t e m  A-5) i s  

needed i n  o r d e r  t o  make an assessment  of t h e  f e a s i b i l i t y  of t h e  m i s s i l e s  f o r  

c e r t a i n  mis s ions .  

Proper  matching of  a i r f r a m e  and 

It should be noted t h a t  even though t h e  s e l e c t i o n  

A fundamental  i n v e s t i g a t i o n  of p o t e n t i a l  

The A i r  Force program d i scussed  b r i e f l y  i n  Sec .  4 .3  has ,  
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a s  one of i t s  g o a l s ,  t h e  compi la t ion  of enough computat ional  and e x p e r i -  

mental  d a t a  on a wide v a r i e t y  of  aerodynamic c o n f i g u r a t i o n s  (many non- 

convent iona l )  t o  provide  an upper bound t o  a v a i l a b l e  L I D  wi thou t  t h e  

deg rada t ion  t h a t  w i l l  r e s u l t  from c o n s i d e r a t i o n  of o t h e r  subsystems such 

a s  p ropu l s ion ,  guidance,  l auncher ,  e t c . ,  o r  t h e  requirements  f o r  low 

senso r  s i g n a t u r e s .  These c o n s i d e r a t i o n s  w i l l  fo l low i n  l a t e r  phases  of  

t h a t  program. 

Tne remaining two i tems ,  A - 6  and A - 7 ,  do n o t  d e s c r i b e  a r e a s  where 

p o t e n t i a l  improvements may be  made ( s i n c e  t h e r e  a r e  no e x i s t i n g  hypersonic  

c r u i s e  m i s s i l e s )  bu t  r a t h e r  p o i n t  o u t  a r e a s  where r e sea rch  i s  needed i n  

o r d e r  t o  be a b l e  t o  proceed c o n f i d e n t l y  t o  development of medium range 

c r u i s e  m i s s i l e s  i n  t h e  hypersonic  regime. The i n t e r a c t i o n  between t h e  a i r -  

b r e a t h i n g  p ropu l s ion  system and t h e  aerodynamic c o n f i g u r a t i o n  i s  expected 

t o  be a s i g n i f i c a n t  problem f o r  both t echno log ie s .  

f low as  w e l l  a s  t h e  e x t e r n a l  f low a t  wind-tunnel  s c a l e  needs a t t e n t i o n .  The 

complex flow f i e l d  i n  t h e  hypersonic  and h igh  supe r son ic  regime a l s o  poses  

d i f f i c u l t i e s  f o r  t h e  proper  thermal  des ign  of such v e h i c l e s  a s  w e l l  as  t h e  

aerodynamic des ign  f o r  s u i t a b l e  s t a b i l i t y  and c o n t r o l .  

S imula t ion  of t h e  i n t e r n a l  

During t h e  t e rmina l  phase of f l i g h t ,  i t  might be necessary  t o  pe r -  

form evas ive  maneuvers t o  ach ieve  p e n e t r a t i v i t y  t o  t h e  t a r g e t .  

may be achieved e i t h e r  by going f a s t e r  o r  by provid ing  a h i g h e r  l i f t  coef -  

f i c i e n t .  

l i f t  c o e f f i c i e n t  w i th  minimum i n c r e a s e  i n  RCS. 

f o lded  l i f t i n g  s u r f a c e s ,  o r  changes i n  contour  of a l r eady  deployed s u r f a c e s  

could be cons idered ,  as w e l l  a s  o p e r a t i o n  a t  h i g h e r  ang le s  of  a t t a c k .  

a t  h igh  ang le s  of  a t t a c k  g e n e r a l l y  i n c r e a s e s  t h e  s e v e r i t y  of aerodynamic coupl ing  

of t h e  angu la r  modes of motion r e s u l t i n g  i n  inc reased  demands on t h e  c o n t r o l  

system. Continued r e sea rch  i s  needed t o  understand and t o  p r e d i c t  t h e  ae ro -  

dynamic phenomena, t o  d e v i s e  ways of reducing  t h e i r  adverse  e f f e c t s ,  and t o  

develop improved methods f o r  c o n t r o l l i n g  t h e  m i s s i l e  under such cond i t ions  

( I tem A - 9 ) .  

These maneuvers 

Thus I t e m  A - 8  sugges t s  development of means f o r  provid ing  a h i g h e r  

Deployment of p rev ious ly  

Opera t ion  
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6.2 P ropu l s ion  

A s  po in t ed  o u t  i n  Ref. 6.1, t h e  i n l e t  and exhaus t  duc t s  a r e  

e s s e n t i a l l y  open c a v i t y  r e s o n a t o r s  w i th  t h e  engine  ( c losed  end) r e f l e c t i n g  

energy.  S e v e r a l  p o s s i b l e  camouflage methods f o r  i n l e t s  a r e  d i scussed  i n  

Ref .  6 .8 .  A s  r epor t ed  i n  Ref. 6.3, t h e  i n l e t s  of t h e  Hound Dog m i s s i l e  

r ece ived  a t r ea tmen t  of  radar -absorb ing  m a t e r i a l  t o  reduce  t h e  r a d a r  c r o s s -  

s e c t i o n  o f  t h e  missi le .  

h a u s t s  p l aced  on t h e  upper  s i d e  of  t h e  miss i le  i n  submerged l o c a t i o n s  i n  an 

a t tempt  t o  lower t h e  RCS. Thus, i t  would appear  t h a t  I t e m s  P-1  and P-2 

should be a p r e r e q u i s i t e  t o  t h e  des ign  of advanced s t r a t e g i c  missi les .  

i s  c l e a r  t h a t  some compromise i s  needed between good engine-a i r f rame pe r -  

formance and low r a d a r  c r o s s - s e c t i o n  and a c l o s e l y  coord ina ted  r e sea rch  

e f f o r t  i s  needed t o  a c q u i r e  t h e  d a t a  needed f o r  such a compromise. 

Some proposed c o n f i g u r a t i o n s  have t h e  i n l e t s  and ex- 

It 

I t e m  P-3 covers  t h e  g e n e r a l  s tudy  of  improvement i n  f u e l s  f o r  bo th  

a i r - b r e a t h i n g  p ropu l s ion  and s o l i d  rocke t  p ropu l s ion ,  a prime f a c t o r  i n  range 

improvement. An u n c l a s s i f i e d  survey  of l i q u i d  f u e l  technology advances (from 

Ref. 6.9) shows on ly  modest i n c r e a s e s  i n  d e n s i t y  expec ted  from hydrocarbons,  

going from t h e  c u r r e n t  60-70 l b s . / f t 3  t o  70-75 l b s . / f t .  
3 ;k . But carbon, 

aluminum, and boron s l u r r i e s  can p rov ide  d e n s i t y  i n c r e a s e s  up t o  110 l b s . / f t .  3* 

wi th  a t t e n d a n t  i n c r e a s e s  i n  vo lumet r i c  h e a t i n g  v a l u e s .  

f u e l  technology s t a t u s  i s  g iven  i n  F i g .  6-5 taken  from Ref. 6 .9 .  I n  s o l i d  

p r o p e l l a n t s  ( acco rd ing  t o  Ref. 6 .9)  s i g n i f i c a n t  i n c r e a s e s  i n  d e n s i t y ,  from 

.06-.07 l b ~ . / i n . ~  t o  .08-.09 I b ~ . / i n . ~ " ,  a r e  t o  be  expec ted  through t h e  use  

of  h igh  d e n s i t y  meta l  f u e l s  such a s  z i rconium. 

nology s t a t u s  i s  g iven  i n  F i g .  6-6 taken  f r o m  Ref. 6.9 .  

A summary of  l i q u i d  

A summary of  s o l i d  f u e l  tech-  

;k 
The u n i t s  of Ref. 6.9 have been r e t a i n e d  f o r  c l a r i t y  of t h e  F igu res .  
convers ions  t o  S I  u n i t s  a r e :  

The 

1 l b . ~ t . / f t . ~  = 4.9787 X lo- '  kg /m 3 

1 l b . w t . / i n . 3  = 8.6032 X 10 2 kg /m 3 

1 BTU/lb.wt. = 7.4836 X 10 4 j o u l e s / k g  

1 BTU/l iq .gal .  = 2.7871 X 10 5 joules /m 3 

1 lb .wt . sec . / i n .3  = 8.6032 X 10 2 kg s e c  /m 3 
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Some improvement i n  t h e  phys ica l  c h a r a c t e r i s t i c s  a r e  needed i n  

o rde r  t o  be a b l e  t o  t a k e  advantage of t h e  promising performance c a p a b i l i t i e s  

of t h e  f u e l s .  Improved combustion e f f i c i e n c y  f o r  t h e  s l u r r i e s  must be 

achieved and f u e l  c o n t r o l  and d e l i v e r y  systems must be developed t o  handle  

such suspens ions  e f f i c i e n t l y .  The s o l i d  p r o p e l l a n t s  r e q u i r e  some improve- 

ment i n  s t r e n g t h  t o  achieve  t h e i r  f u l l  p o t e n t i a l .  

Although I tem P-4 seeks  improvement i n  both i n l e t  and nozz le  pe r -  

formance through use  of v a r i a b l e  geometry, t h e  need  f o r  v a r i a b l e  geometry i n  

t h e  nozz le  s e c t i o n  seems t o  be more u rgen t  i n  t h a t  many i n t e g r a l  rocke t -  

ramje t  ( I R R )  m i s s i l e s  a r e  be ing  cons idered  f o r  "c ru i se"  m i s s i l e  a p p l i c a t i o n s  

a s  def ined  i n  Sec .  2 .  A s imple  two-posi t ion nozz le  (one p o s i t i o n  f o r  boos t ,  

t h e  o t h e r  f o r  ramje t  c r u i s e )  would appear  t o  be more a t t r a c t i v e  f o r  t h e  I R R  

than  a "blow-out" b o o s t e r  nozz le .  I n  a d d i t i o n  t o  mechanical  complexity,  

blowing out  t h e  boos te r  nozz le  could be a s i g n i f i c a n t  give-away t o  sea rch ing  

r a d a r .  Perhaps even more a t t r a c t i v e  might be a n o z z l e l e s s  boos t e r  g r a i n  i n  

t h e  rocke t  chamber of t h e  IRR a s  sugges ted  by I tem P-5, d e s p i t e  an expected 

lo s s  i n  s p e c i f i c  impulse and p o s s i b l y  i n  t o t a l  impulse.  Var i ab le  geometry, 

p a r t i c u l a r l y  f o r  a x i a l l y  symmetric i n l e t s ,  r e s u l t s  i n  added des ign  complexi ty  

f o r  t h e  improved performance expected through o p e r a t i o n  a t  n e a r l y  optimum 

cond i t ions  f o r  most of  t h e  f l i g h t  p r o f i l e .  Again i t  must be remembered t h a t  

t h e  sugges t ions  of I t e m  P-4 must be cons idered  dur ing  t h e  i n v e s t i g a t i o n s  

connected wi th  Items P-1 and P-2 .  

A f u r t h e r  concern i n  t h e  development of an i n t e g r a l  rocke t - r amje t  

i s  t h e  smooth t r a n s i t i o n  from rocke t  p ropu l s ion  t o  ramje t  p ropu l s ion  wi th  

minimum l o s s  of m i s s i l e  speed,  I tem P-6 .  The opening of t h e  i n l e t  duc t s  t o  

t h e  combustor and t h e  r ap id  change from small  rocke t  nozz le  a r e a  t o  l a r g e r  

ramje t  nozz le  a r e a  a r e  impor tan t  phases (and s i g n i f i c a n t  des ign  problems) 

i n  t h e  o p e r a t i o n  of such an engine .  

Another impor tan t  c o n s i d e r a t i o n  i n  t h e  des ign  of an i n t e g r a l  rocke t -  

ramje t  engine  i s  t h e  optimum apportionment o f  weight  t o  boost  p r o p e l l a n t  and 

t o  s u s t a i n e r  f u e l .  

i n  making t h i s  apport ionment  t o  achieve  maximum performance. 

Many i n t e r - r e l a t e d  des ign  parameters  must be cons idered  

The i n v e s t i g a t i o n s  proposed i n  Item P-7 a r e  po in ted  toward g e t t i n g  

improvements i n  engine performance by being a b l e  t o  des ign  an i n l e t  t o  per -  

form adequate ly  i n  o t h e r  than  a uniform flow f i e l d .  S ince  such a des ign  i s  
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very much mission-related, there is a need for analytical techniques which can 

guide the development of the inlets and the placement of inlets relative to 

the rest of the airframe prior to the necessary testing period. Such an 

analytic and computational capability would contribute to improving range and 

maneuvering performance and would also be an asset in carrying out the studies 

of Item P-1. 

Similarly, a computational capability is needed to aid in opti- 

mizing the aft section of the airframe including the nozzle (Item P-8). In 

the case of ramjet-propelled missiles there is generally not as great a pay- 

off as for rocket-propelled missiles since the throat of the ramjet nozzle 

is relatively large so that base area is minimum and boattailing either may 

not be needed or may be minimal. 

With the ever-increasing demands for better performance of pro- 

pulsion systems, it is inevitable that operating temperatures will increase 

and methods must be available to take advantage of this means for increasing 

engine performance without severe weight penalties. The studies suggested 

in Item P-9 address this need. With engine operation at higher temperature, 

however, consideration must also be given to schemes for minimizing the in- 

crease in the infra-red signature while achieving the improvement in engine 

performance. 

The work on improvement of turbojets and turbofans (Item P-10) has 

been recognized as a need for improving cruise missiles and, as discussed in 

Section 4 . 3 ,  the Defense Advanced Research Projects Agency (DARPA) is sup- 

porting work in this area. 
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6 . 3  S t r u c t u r e s  and M a t e r i a l s  

The improvement a r e a s  l i s t e d  a s  I tems S - 1  and S - 2  focus on the  

need t o  e s t a b l i s h  both a d a t a  base and a n a l y t i c  t o o l s  t o  t r a d e  o f f  r e q u i r e -  

ments f o r  low RCS a g a i n s t  s t r u c t u r a l  e f f i c i e n c i e s ,  thermal p r o t e c t i o n  needs,  

and economic p r o d u c i b i l i t y .  The o v e r r i d i n g  need t o  lower t h e  e l ec t romagne t i c  

s i g n a t u r e s  d r i v e s  t h e  demand f o r  developing these  two a r e a s  s o  t h a t  s t r a t e g i c  

systems a n a l y s t s  and m i s s i l e  des igne r s  may know what weight ,  performance, and 

c o s t  p e n a l t i e s  they  w i l l  have t o  pay f o r  a low RCS. An example has  a l r eady  

been g iven  i n  F i g .  6 - 2  of how t h e  m a t e r i a l  of a wing panel  a f f e c t s  t he  RCS.  

I n  t h i s  example, t h e  f i b e r g l a s s  wing had a h ighe r  RCS by n e a r l y  an o r d e r  of 

magnitude, on t h e  average ,  than  a meta l  wing. Hence, RAM a p p l i c a t i o n s  t o  

t h e  f i b e r g l a s s  wing, r e f l e c t i n g  a d d i t i o n a l  weight ,  would be r equ i r ed  t o  reduce 

i t s  RCS t o  a desired leve l .  

For supe r son ic  and hypersonic  m i s s i l e s  a s i m i l a r  need e x i s t s  i n  t h e  

I R  a r e a  a s  t h e  emis s iv i ty - t empera tu re  c h a r a c t e r i s t i c s  of thermal  p r o t e c t i o n  

systems must m e e t  f u t u r e  requi rements .  

The growing t echno log ica l  promises of  advanced composite m a t e r i a l s  

u s i n g  h igh  s t r e n g t h ,  h igh  modulus, low-densi ty  f i l amen t s  i n  a compatible  

ma t r ix  should  be harnessed  t o  produce cheaper ,  lower weight  s t r u c t u r e s ,  a l low- 

i n g  more volume f o r  f u e l  and /o r  payload a s  we l l  a s  p rov id ing  reduced e l e c t r o -  

magnet ic  and I R  s i g n a t u r e s .  

ach ieve  t h e s e  g o a l s .  

I tems S - 3  and S - 4  a r e  sugges ted  a s  means t o  

I n  comparing advanced composites wi th  convent iona l  a i r f r a m e  m a t e r i a l s ,  

one can use  t h e  mechanical and p h y s i c a l  p r o p e r t i e s  of t h e  r e s p e c t i v e  m a t e r i a l s ,  

namely, u l t i m a t e  s t r e s s e s ,  moduli  of e l a s t i c i t y ,  and d e n s i t i e s  t o  c a l c u l a t e  

r a t i o s  of s t r u c t u r a l  weight  c a r r y i n g  t h e  same loads ,  o r  i n v e r s e l y ,  t h e  loads  

c a r r i e d  by t h e  same weight  of m a t e r i a l .  An i l l u s t r a t i o n  i s  g iven  i n  Table  6-1  

t o  show what such r a t i o s  might be i f  a 5 . 7  m i l  borsic/aluminum ( 0 " ,  f 45")  

composite i s  used t o  r e p l a c e  2219 aluminum a l l o y .  The comparison i s  made f o r  

s e v e r a l  types of e lementary s t r u c t u r a l  members whose usua l  des ign  c r i t e r i a  

and c r i t i c a l  m a t e r i a l  parameters ,  K,  a r e  a l s o  l i s t e d  i n  Table 6-1 .  The l a s t  

two columns show, r e s p e c t i v e l y ,  t h e  r a t i o  of  l oad -ca r ry ing  c a p a b i l i t y  of t h e  

composite t o  t h a t  o f  t h e  aluminum a l l o y  f o r  t h e  same weight of m a t e r i a l  
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(or K /K  ) and its inverse, that is, the weight ratio of the two materials 

carrying the same load. The densities of the two materials are essentially 

the same so that the density ratio is taken as unity. In all cases shown, 

the composite is a more efficient load-carrying material. 

C A  

A brief analysis was also made of the effect of replacing the 

conventional aluminum alloy structural airframe components of the current 

Tomahawk missile with this advanced composite material, namely, 5.7 mil- 
diameter Borsic/Aluminum with a [ O o / *  45'1-ply orientation. 

would reduce the empty missile weight some 15%, and increase the useable 

fuel volume about 4%, resulting in an increase of cruise range of about 10%. 
The assessment of economic and production implications of such changes would 

have to be made by experts in the production and handling of composite 

structures. 

This application 

Advanced composite materials are also included in Items S - 1  and S - 2  

as possible signature-reducing materials and in Item P-9 as improved insula- 

tors and thermal protection materials for engines operating at higher tempera- 

tures which could result in improvements in specific fuel consumption. 

The potential to exploit the promises of new materials and struc- 

tural components will rest on developing the appropriate new structural- 

analysis techniques and material-processing methods. Items S - 1  and S - 4  

were listed to fill such needs because without these new tools, the antici- 

pated improvements in signature reductions, thermal protection, and weight 

and cost reduction can neither be promised nor achieved. 

Item S - 5  suggests a continuing research effort to assure structural 

integrity and material transmittability for cruise flight in rain, ice, snow 

and particulate environments. Similar concerns exist even in clear air at 

sustained high supersonic and hypersonic speeds. Item S-6 recommends that 

the environment of any launch constraint which imposes dynamic, inertial, 

and thermal loads and/or surface contaminations needs to be defined more 

thoroughly and in greater detail by analytic means supported by properly 

instrumented and selected test programs. Otherwise, conservative environ- 

ments will be defined out of ignorance, resulting in unnecessary extra weight 

which degrades performance, such as range and maneuverability. 
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7 .  Suggested Technology Programs i n  Aerodynamics, P ropu l s ion ,  and 
S t r u c t u r e s  

7 .1  Ra t iona le  f o r  Suggested Technology Programs 

The l i s t  of p o t e n t i a l  a r e a s  of t echno log ica l  improvements f o r  

f u t u r e  c r u i s e  missiles can  e a s i l y  grow t o  some twenty o r  more as shown i n  

t h e  preceding  Sec t ions ,  c o n s i d e r i n g  only  t h e  t h r e e  f i e l d s  of aerodynamics, p ro-  

pul-sion, and s t r u c t u r e s  and m a t e r i a l s .  Other  technology a r e a s  impor tan t  t o  

m i s s i l e  systems,  such a s  guidance and c o n t r o l ,  s enso r s ,  computers, e t c . ,  w i l l  add 

more a r e a s  of d e s i r e d  improvements. With such a l a r g e  l i s t  of cand ida te  

t o p i c s  f o r  r e s e a r c h  and development, i t  becomes impor tan t  t o  i d e n t i f y  a 

few a r e a s  cons idered  t o  be most c r i t i c a l  t o  f u t u r e  m i s s i l e  systems and t o  

s u g g e s t  a program of  a c t i v i t i e s  i n  t h e i r  suppor t .  The o t h e r  p o t e n t i a l  

a r e a s ,  a l though  d e s i r a b l e  from a t echno log ica l  s t a n d p o i n t ,  may have less  

d i r e c t  impact on performance of  f u t u r e  m i s s i l e  sys tems.  

The g e n e r a l  p r o j e c t i o n s  of f u t u r e  requi rements  g iven  i n  t h e  p r e -  

ceding  S e c t i o n s  i n d i c a t e d  an o v e r r i d i n g  i n t e r e s t  i n  improvements i n  pene t r a -  

t i v i t y ,  fol lowed nex t  by range  (and t i m e - t o - t a r g e t )  improvements and then  

by h i g h e r  maneuvering c a p a b i l i t i e s .  These p r i o r i t i e s  a r e  s e t  by t h e  s p e c i f i c  

miss ions  and t h e  p a r t i c u l a r  missi le  sys tem under c o n s i d e r a t i o n .  For  s t r a -  

t e g i c  mis s ions ,  c l e a r l y  p e n e t r a t i v i t y  i s  uppermost on t h e  l i s t  of  p r i o r i t i e s .  

For  t a c t i c a l ,  de fens ive ,  a i r - t o - a i r  o r  s u r f a c e - t o - a i r  mi s s ions ,  however, 

maneuverab i l i t y  and range  w i l l  be t h e  d r i v e r s  wh i l e  p e n e t r a t i v i t y  cons ide ra -  

t i o n s  i n  t h e  form o f  s i g n a t u r e  r educ t ion  may n o t  be meaningful  a t  a l l .  

Although economic c o n s i d e r a t i o n s  w i l l  always be p r e s e n t  and a r e  . 
f r e q u e n t l y  t h e  pr imary f a c t o r ,  t h e  s p e c i f i c  a r e a s  of  c o s t  r e d u c t i o n ,  s impl .&ci ty  

of des ign  and minimal l o g i s t i c  requi rements  w i l l  be a s s igned  secondary empha- 

s i s  i n  t h i s  l i s t  of technology r e s e a r c h  sugges t ions .  I n  a d d i t i o n  t o  respond-  

ing  t o  f u t u r e  t e c h n o l o g i c a l  requi rements  , t h e s e  sugges ted  r e sea rch  programs 

must be  des igned  t o  p rov ide  t h e  g r e a t e s t  h e l p  t o  systems a n a l y s t s ,  and con- 

c e p t u a l  d e s i g n e r s  who must make t h e  t r a d e - o f f  s t u d i e s  l e a d i n g  t o  advanced 

m i s s i l e  concep t s .  

s t a r t s  w i th  an a s s igned  miss ion  f o r  one of t h e  DOD S e r v i c e s ,  and a p r o j e c t i o n  

o f  t h e  t h r e a t s  which may a t t empt  t o  p reven t  c a r r y i n g  o u t  t h e  a s s igned  m i s s i o n .  

L 

A s  p re sen ted  g r a p h i c a l l y  i n  Char t  7-1, t h e  des ign  t a s k  
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The m i s s i o n - t h r e a t  ana lyses  l e a d  t o  requi rements  f o r  a system t o  i n s u r e  

t h a t  t h e  miss ion  can be c a r r i e d  ou t  i n  t h e  presence  of  enemy t h r e a t s ,  coun te r -  

measures, e t c .  For  a mis s ion  r e q u i r i n g  a missi le  system, t h e  p re l imina ry  

system requi rements ,  which a r e  fundamental gu ides  t o  t h e  des ign  concept ,  e v e n t u a l l y  

p l a c e  c e r t a i n  r e s t r i c t i o n s  on t h e  cho ice  of  e lements  f o r  t h e  m i s s i l e  system. 

The d e s i r e  t o  g e t  optimum system performance f o r  a g iven  system c o s t  then  

l e a d s  t o  t r ade -o f f  s t u d i e s  among t h e  s e v e r a l  t echno log ie s .  Usual ly  a base-  

l i n e  system, embracing t h e  major  p h y s i c a l  concepts  deemed necessa ry  t o  

ach ieve  t h e  mis s ion ,  s t a r t s  t h e  p r e l i m i n a r y  des ign  c y c l e .  To t ake  advantage 

of technology improvements by means of t r a d e - o f f  s t u d i e s ,  t h e  des ign  i t e r a t i o n  

then  goes through t h e  s e v e r a l  l oops  of  Char t  7 - 1 .  Based on t h e  ana lyses  of  

t he  preceding  S e c t i o n s ,  i t  i s  expec ted  t h a t  t h e r e  w i l l  be d e c i s i o n  p o i n t s  a s  

shown under  obse rvab le s ,  range,  maneuverab i l i t y ,  and c o s t .  The r e sea rch  

programs sugges ted  i n  t h i s  S e c t i o n  should  be s t r u c t u r e d  to  provide  t h e  d a t a  

i n  t h e  form t h a t  would f a c i l i t a t e  t h i s  i t e r a t i v e  p rocess  and t h e  a s s o c i a t e d  

t r a d e - o f f  s t u d i e s  and so  l e a d  t o  an a c c e p t a b l e  system des ign  ready t o  go t o  

f u r t h e r  development and t e s t i n g .  I n  t h e  t r a d e - o f f  s t u d i e s ,  t h e  performance 

o f  each technology can be  judged by some "Measures of  Merit, ' '  parameters  which 

d e s c r i b e  t h e  c a p a b i l i t y  of t h e  technology i n  a q u a n t i t a t i v e  manner. 

a r e  i l l u s t r a t e d  i n  Char t s  7 -2 ,  7-3,  and 7-4 t o  be d i scussed  l a t e r  i n  t h i s  

S e c t i o n . )  P a r t i c u l a r  a t t e n t i o n  should be  c a l l e d  t o  t h e  f a c t  t h a t  no m a t t e r  

where t h e  des ign  i s  r e j e c t e d  f o r  non-compliance w i t h  a requi rement ,  t h e  

i t e r a t i v e  procedure  r e q u i r e s  t h a t  t h e  r e v i s e d  system be  checked aga in  f o r  

compliance w i t h  a l l  o t h e r  r equ i r emen t s .  

p u l s i o n  i n  o r d e r  t o  p rov ide  adequate  range ,  t h e  r e v i s e d  p ropu l s ion  system 

must aga in  be  found a c c e p t a b l e  t o  t h e  obse rvab le s  requi rement ,  maneuvera- 

b i l i t y  requi rement ,  and c o s t  l i m i t .  The most d e s i r a b l e  ou tpu t  of t h e  re- 

sea rch  programs would be  t r a d e - o f f  e q u a t i o n s ,  c h a r t s ,  o r  computer programs 

which r e l a t e  t h e  pa rame t r i c  des ign  changes i n  t h e  system t o  performance 

changes i n  t h e  a f f e c t e d  t e c h n o l o g i e s .  These r e l a t i o n s  could be some type  of  

performance exchange r a t i o s  between t e c h n o l o g i e s .  For  example, a p p l i c a t i o n  

of  r ada r -abso rb ing  m a t e r i a l  t o  an i n l e t  may r e s u l t  i n  a r e d u c t i o n  i n  r a d a r  

c r o s s - s e c t i o n ,  accompanied by a change i n  aerodynamic d rag ,  a change i n  

p r e s s u r e  recovery  and mass c a p t u r e  of t h e  i n l e t ,  and a change i n  weight  and 

(These 

Thus, i f  a change i s  made i n  pro-  
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and volume of  t h e  engine .  The exchanges i n  performance r e s u l t i n g  from t h e  

des ign  m o d i f i c a t i o n  needed t o  reduce RCS should be a v a i l a b l e  i f  a meaningful  

t r a d e - o f f  s tudy  i s  t o  be made. I n  f a c t ,  such in fo rma t ion  i s  necessa ry  

r e g a r d l e s s  of  t h e  p r i o r i t y  one might pu t  on t h e  d e c i s i o n  p o i n t s  of  Char t  7 - 1 .  

I n  t h e  fo l lowing  S e c t i o n s ,  r e s e a r c h  programs a r e  sugges ted  i n  t h e  

t h r e e  t echno log ie s  (Aerodynamics, P ropu l s ion ,  S t r u c t u r e s )  based on t h e  pe r -  

ce ived  importance o f  such programs t o  t h e  f u t u r e  performance of c r u i s e  

missiles.  

Wi th in  each technology t h e r e  e x i s t  performance parameters  o r  charac-  

t e r i s t i c s  which can be  used a s  measures of  m e r i t  t o  de te rmine  i f  t h e  r e s u l t i n g  

s y s t e m  performance i s  c o n s i s t e n t  w i th  t h e  s p e c i f i c  requi rements  acco rd ing  t o  

Char t  7-1 cons ide r ing  a11  t echno log ie s  invo lved .  Every measure of  m e r i t  i s  

i n f l u e n c e d  by one o r  more p h y s i c a l  o r  geometr ic  components o f  t h e  a i r f r a m e  

which need t o  be v a r i e d  over  r easonab le  ranges  i n  t h e  r e s e a r c h  programs t o  

provide  t h e  d a t a  on performance exchange r a t i o s  needed i n  t h e  d e s i g n  opt imiza-  

t i o n  p rocess .  Hence, i n  t h e  nex t  t h r e e  sub - sec t ions  each technology i s  broken 

down i n t o  measures of  mer i t  and m i s s i l e  components i nvo lved .  Also  i n d i c a t e d  

are i d e n t i f y i n g  symbols ( e .g . ,  A-2) of t h o s e  r e sea rch  t o p i c s  from S e c t i o n  5 

which a r e  judged t o  be of g r e a t e s t  b e n e f i t  f o r  improving t h e  performance of 

f u t u r e  systems based on t h e  r e l a t i v e  merits d i scussed  i n  S e c t i o n  6 .  
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7 . 2  Program t o  Improve P e n e t r a t i v i t y  

The ana lyses  which l e d  t o  t h e  summary Chart  5-1 p o i n t  t o  an a r e a  

embracing many i n t e r - r e l a t e d  technologies  i n  which r e sea rch  i s  needed.  I n  

Chart  7 - 2  t h e  improvement a r e a s  suggested i n  Chart  5-1 a r e  combined wi th  t h e  

t r ade -o f f  requirements  i n d i c a t e d  i n  Chart  7 - 1 .  

between a c r u i s e  m i s s i l e  performance a r e a  ( p e n e t r a t i v i t y  i n  t h i s  ca se )  and 

d e s i r e d  performance parameters ,  c a l l e d  Measures of Mer i t  h e r e ,  i n  each of 

t h e  technologies  and sugges t s  i n d i v i d u a l  c o n t r i b u t i n g  m i s s i l e  components 

and parameters  i n  these  t echno log ie s .  Not shown, f o r  i n s t a n c e ,  a r e  t h e  

i t e r a t i v e  and two-way pa ths  between t h e  t h r e e  a i r f r ame  technologies  and t h e  

s i g n a t u r e  technology governing p e n e t r a t i v i t y ,  as  we l l  a s  some d i r e c t ,  two-way 

coupl ing  between t h e  i n d i v i d u a l  t echno log ie s .  

very  g e n e r a l .  For s p e c i f i c  miss ion  a p p l i c a t i o n s  and speed regimes,  o t h e r  

parameters  and components may be more a p p r o p r i a t e  and should be developed 

a s  the  need a r i s e s .  Although Mach number i s  n o t  given i n  t h e  c h a r t ,  t h e  

immediate need would be f o r  t h e  subsonic  c r u i s e  missiles and any improved 

v e r s i o n s  of them. I n  view of t h e  t ime r equ i r ed  t o  e s t a b l i s h  such a compre- 

hens ive  program, however, i t  might be more advantageous t o  addres s  t h e  super -  

son ic  and hypersonic  regimes i f  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  a r e  t o  have 

a s u i t a b l e  impact on f u t u r e  d e s i g n s .  

As t o  t h e  subsonic  regime, t h e r e  may a l r e a d y  e x i s t  a l a r g e  amount 

T h i s  c h a r t  shows a r e l a t i o n  

The c h a r t  i s  in tended  t o  be 

of u n r e l a t e d  d a t a  from t h e  c u r r e n t  c r u i s e  m i s s i l e  programs which could be 

assembled.  Such an approach would i n d i c a t e  i f  t h e r e  e x i s t  some a r e a s  n o t  

covered s y s t e m a t i c a l l y  by adequate  t r ade -o f f  d a t a  which could then  be f i l l e d  

i n  by a subsequent  program of r e sea rch  i n  t h e  subsonic  aerodynamics,  p ro-  

pu l s ion ,  and s t r u c t u r e s  a r e a s .  

For t h e  aerodynamics-s igna ture  t echno log ie s  (Columns 2 and 5 of 

Chart  7 - Z ) ,  a sys t ema t i c  s tudy  of r a d a r  c r o s s - s e c t i o n  ( o r  o t h e r  s i g n a t u r e )  and aero-  

dynamic performance c h a r a c t e r i s t i c s  of a i r f r ame  elements  (body, wing, s t a -  

b i l i z i n g  and c o n t r o l  s u r f a c e s )  i s  sugges ted  t o  provide  informat ion  needed 

f o r  t r ade -o f f  of s t e a l t h  w i t h  aerodynamic performance. The r a d a r  c r o s s - s e c t i o n  

measurements should be  made over  an a p p r o p r i a t e  range of a s p e c t  ang le s  ( e . g . ,  

f o r  body a lone ,  nose a s p e c t  5: 30" ,  s i d e  a s p e c t  Jr 30° ,  r e a r  a spec t  f 30") .  
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The wave length must be chosen judiciously to conform with whatever detail 

is under investigation. In the aerodynamics technology, measurements 
or calculations are needed of the most significant aerodynamic performance 

characteristics associated with parametric changes of configuration com- 

ponents. 

ated with variations in nose shape or wing sweepback angle. Combination of 

the components including the full configurations would identify the effects 

of interference, both aerodynamic and electromagnetic. The work on bodies 

should include bodies of non-circular cross-section and non-constant cross- 

sectional area as well as the more usual. shape changes of nose and boattail 

on cylindrical bodies. For lifting and control surfaces, consideration 

should be given to wrap-around surfaces whcse curvature provides certain 

packaging advantages and to thick wings of delta or clipped delta planform 

which serve as both body and lifting surface. When the bodies and surfaces 
are combined, resulting in corners, either filleted or unfilleted, the advan- 

tage of favorable aer0dynami.c interference must be weighed against the pos- 

sible detrimental radar reflections from the corners. 

For example, drag coefficient would be one measure of merit associ- 

A fundamental work unit that merits consideration is the 

study of a relatively conventional full missile configuration with its build- 

up components s o  that one could isolate the contributions (both aerodynamic 

and electromagnetic) from each configuration component (body, wings, tails or 

canards) and the mutual interferences (body-wing, body-tail, wing-tail, wing- 

wing, tail-tail, etc.). Depending on the results of such a basic investigation, 

one might then vary the parameters of the components to see if substantial pay- 

offs might be revealed in one technology with relatively minor losses in the 

other. 

For the propulsion technology, a similar trade-off study is recom- 

mended between inlet and nozzle performance and sensor sinnature as shown in 

Columns 3 and 5 of Chart 7-2. In this case the measurements (or calculations) 
would involve inlet cowl drag, pressure recovery, air mass capture, and net 

thrust of the combination of nozzle, boattail, and base. 

shape of the inlet (round, semi-round, oval, rectangular, etc .) and the presence 

of an inner body, one should also consider the shape and location of ducting 

leading to the combustor. Likewise, the location of the inlets (as airframe 

components) relative to the body or wing is an important consideration. 

In addition to the 
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If appropriate, signature contributions from particular engine- 

fuel combinations may have to be included. 

Again a fundamental work unit that should merit consideration 

would be a full air-breathing configuration with its build-up components 
and mutual interferences as discussed above for the aerodynamic case (which 

implied non-airbreathing propulsion). 

The structures and materials technology tasks listed in Columns 4 

and 5 of Chart 7-2 must first provide the tools needed to design and build the 

signature-effective configurations and critical components thereof derived 

in the aerodynamic and propulsion programs described above. Secondly, this 

work unit should develop means for determining where and how signature re- 

ducing materials (such as RAM, IR coatings, etc.) may be most effectively 

applied locally or overall and what the weight, volume, and design penalties 

would be. Thirdly, another trade-off question needs to be answered, namely, 

what is more effective from overall design considerations and signature 

suppression, a conventional primary structure with spot treatment of absorb- 

ing materials, or an integrated signature-absorbing primary structure (e.g., 

RAPS)? 

component of this research as it is a slow and tedious process to provide 

for the hoped-for absorbing qualities without losing other desirable physical 

and mechanical properties. 

Clearly, the development of new materials should be an essential 

From the potential areas of technology advances that were listed in 
Section 5, the research topics that seem most likely to lead to improvements 

in penetrativity can be summarized as 

A-1, A - 3  in Aerodynamics, 

P-1, P-2 in Propulsion, and 
S - 1 ,  S-2 in Structures and Materials. 
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7 . 3  Program t o  Improve Range 

An analogous o u t l i n e  of a sugges ted  program t o  provide  u s e f u l  

approaches t o  range improvement i s  shown i n  Chart  7 - 3 .  The t r ade -o f f  

coupl ing  among aerodynamics,  p ropuls ion ,  and s t r u c t u r e s  now involves  

those  measures of m e r i t  and a i r f r ame  components which a f f e c t  range (e .g . ,  

f a c t o r s  i n  t h e  Breguet range equat ion)  and t ime of f l i g h t  t o  t h e  t a r g e t  

a s  func t ions  of c r u i s e  a l t i t u d e ,  speed,  and angle  o f  a t t a c k .  

I n  t h i s  r e sea rch  a r e a  t h e  e f f e c t  of speed i s  most impor tan t  and 

t h e  subsequent  d i s c u s s i o n  w i l l  r ecognize  two d i s t i n c t  speed regimes,  sub- 

s o n i c  and supersonic-hypersonic .  I n  t h e  subsonic  regime t h e  development 

of tu rbo-engines  wi th  b e t t e r  s p e c i f i c  f u e l  consumption ( a s  p r e s e n t l y  

sponsored by DAFS'A, and r epor t ed  b r i e f l y  i n  Sec.  4 )  and t h e  development 

of advanced f u e l s  are t h e  m o s t  promising a r e a s .  Next i n  p o t e n t i a l  pay-off 

might be t h e  use  of advanced composite m a t e r i a l s  f o r  weight  r educ t ion  ( a s  

no ted  i n  Sec.  6 ) .  It would appear  t h a t  any ga ins  i n  range from aerodynamic 

improvement would be from s e v e r a l  smal l  ga ins  by apply ing  t o  t h e  f u l l  con- 

f i g u r a t i o n  each of  s e v e r a l  technology improvements a l r e a d y  a v a i l a b l e  (such 

a s  t h e  s u p e r c r i t i c a l  wing, a r e a  r u l i n g ,  nose shaping,  e t c . )  . Except f o r  

p ropu l s ion ,  none of  t h e  o t h e r  technologies  seem t o  war ran t  a s p e c i a l  r e sea rch  

program. 

I n  t h e  case  of t h e  supe r son ic  and hypersonic  c r u i s e  m i s s i l e s ,  aga in  

t h e  major ga ins  a r e  l i k e l y  t o  be a t t a i n e d  i n  t h e  a r e a  of p ropu l s ion .  The 

most probable  p ropu l s ion  system w i l l  be t h e  i n t e g r a l  rocke t - r amje t .  There 

a r e  a l r e a d y  s e v e r a l  such p ropu l s ion  systems i n  va r ious  s t a g e s  of development. 

Although a pa rame t r i c  i n v e s t i g a t i o n  of t h e s e  mission-dependent  systems i s  

probably unworkable, a l i m i t e d  a i r f rame-engine  i n t e g r a t i o n  s t u d y  of one o r  

two g e n e r i c  types  of such c o n f i g u r a t i o n s  aimed a t  achiev ing  b e n e f i c i a l  mutual 

i n t e r f e r e n c e  would be  u s e f u l  i n  showing an approach f o r  improving range.  
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More generally applicable results may be obtained from the re- 

search topics noted in Chart 7-3 under Propulsion and structures, which 

also relate t o  integral rocket-ramjet propulsion systems. The development 

of rocket propellant grains of greater structural integrity is a primary 

need for the higher performance rockets which will be operating at higher 

pressure. Likewise, further development of the high density slurry fuels 

is an important research area so that the designer can get maximum fuel 

energy in a given volume. 

A longer range program with potentially high pay-off is the 
development of a nozzle-less rocket whose grain is shaped to provide an 

efficient nozzle contour throughout the burning period. As the booster 

for an integral rocket-ramjet, it could simplify the design for the rocket- 

to-ramjet transition by el-iminating the need for mechanical removal of a 
booster nozzle insert. 

A shorter range research program would be the development of a 

multi-position nozzle which could optimize thrust throughout the missile 

trajectory. A sub-group of such nozzles would be a two-position nozzle, 

one position for boost-thrust optimization, the other for sustain-thrust 

optimization. 

In the area of structures and materials two key development areas 
are promising, namely, development of improved insulating materials f o r  com- 

bustor liners to permit engine operation at higher temperatures (listed as 

P-9 under Propulsion in Section 5) and development and application of advanced 
composite materials with high strengthfweight ratios to replace the metals 

now being used. 

In summary, the technology areas of Section 5 which seem most desir- 

able to pursue to achieve improvement in range are 

A-3 in Aerodynamics, 

P-3, P-4, P-5, P-9 in Propulsion, and 
S-4, (P-9) in Structures and Materials. 
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7 . 4  Propram t o  Improve Maneuverabi l i ty  

A program t o  improve maneuverabi l i ty ,  both l a t e r a l  and a x i a l ,  i s  

sugges ted  i n  Char t  7 - 4 .  

performance of  a c r u i s e  m i s s i l e  can be enhanced e i t h e r  by a f a s t e r  run - in  

t o  t h e  t a r g e t  o r  by inc reased  maneuvering c a p a b i l i t y .  For t h e  subsonic  

case ,  t h e  inc reased  maneuver might be achieved by deployment of e f f i c i e n t  

h igh  l i f t  dev ices  as r e q u i r e d .  Genera l ly ,  t h e  supe r son ic  and hypersonic  

m i s s i l e s  have an adequate  r e s e r v e  of  k i n e t i c  energy which can be conver ted  

t o  maneuvering gees ,  even wi th  l e s s  e f f i c i e n t  l i f t i n g  d e v i c e s ,  by r e s o r t i n g  

t o  h i g h e r  ang le s  o f  a t t a c k .  Opera t ion  a t  h igh  angles  of a t t a c k ,  however, may 

pose problems t o  t h e  aerodynamic c o n t r o l  system i n  t h e  form of adverse  coupl ing  

among t h e  angu la r  modes of  motion and t o  t h e  p ropu l s ion  system i n  l e s s  e f f i c i e n t  

o p e r a t i o n  of  t h e  i n l e t s .  Therefore ,  work i s  needed t o  f u r t h e r  t h e  unders tanding  

and c o n t r o l  of adverse  dynamic coupl ing  a t  high ang le s  of a t t a c k  and t o  develop 

i n l e t s  which a r e  l e s s  s e n s i t i v e  t o  ang le s  of a t t a c k  o r  yaw. 

A s  po in ted  out  i n  prev ious  S e c t i o n s ,  t e rmina l  

Improved a x i a l  maneuverabi l i ty  can be achieved o f f  t h e  launcher  

wi th  h i g h e r  energy r o c k e t  p r o p e l l a n t s  and throughout  t h e  f l i g h t  envelope w i t h  

h i g h e r  performance f u e l s .  

I n  t h e  s t r u c t u r e s  and m a t e r i a l s  a r e a ,  more complete d a t a  a r e  needed 

on t h e  performance of advanced composites a t  e l e v a t e d  tempera tures  and on 

c r i t e r i a  f o r  d e f i n i n g  f a i l u r e  of  s t r u c t u r a l  e lements  u s i n g  composites s o  t h a t  

d e s i g n e r s  w i l l  f e e l  conf iden t  i n  apply ing  these  m a t e r i a l s  a t  h i g h e r  speeds .  

I t  should be recognized,  i n  a d d i t i o n ,  t h a t  t echno log ie s  o t h e r  than  

those  l i s t e d  i n  Chart  7 - 4  have a major impact on maneuverabi l i ty  and t e rmina l  

accuracy .  For  example, t h e  guidance and c o n t r o l  laws and mechanizat ion,  t h e  

senso r s ,  computers,  d a t a  p rocesso r s ,  e t c . ,  a l l  have an e f f e c t  on such perform- 

ance.  I n  some cases  they  a r e  ve ry  c l o s e l y  r e l a t e d  t o  t h e  t h r e e  p r i n c i p a l  

t echno log ie s  of t h i s  r e p o r t .  An i l l u s t r a t i o n  of  t h i s  was g iven  i n  Item S-5 

of S e c t i o n  5 which emphasized t h e  impor tan t  i n t e r a c t i o n  i n  senso r  windows 

between m a t e r i a l  and s t r u c t u r a l  i n t e g r i t y  and t h e i r  t r a n s m i t t i b i l i t y  under 

adverse  environmental  c o n d i t i o n s .  

t u r e s ,  thermodynamics, m a t e r i a l s ,  and senso r  ( e l ec t romagne t i c ,  i n f r a - r e d ,  

o p t i c a l )  window performance i s  needed t o  a s c e r t a i n  what l i m i t a t i o n s  e x i s t  

on Sensor  domes du r ing  high speed f l i g h t  i n  an adverse  environment .  

A j o i n t  r e sea rch  e f f o r t  i nvo lv ing  s t r u c -  
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Thus t h e  t o p i c s  from S e c t i o n  5 most l i k e l y  t o  c o n t r i b u t e  t o  

improvement i n  miss i le  maneuverab i l i t y  a r e  

A - 8 ,  A-9 i n  Aerodynamics, 

P-3,  P-7 i n  P ropu l s ion ,  and 

S - 3 ,  S-5 i n  S t r u c t u r e s  and Materials.  
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7 . 5  General  Research Programs 

I n  t h e  hypersonic  speed regime i t  i s  n o t  p o s s i b l e  t o  i d e n t i f y  

s p e c i a l  programs in tended  t o  improve performance of  c r u i s e  missiles,  even 

u s i n g  t h e  broad d e f i n i t i o n  of c r u i s e  missiles g iven  i n  S e c t i o n  2 ,  s i n c e  

only  l i m i t e d  r e sea rch  has  been done i n  t h i s  regime and no such mis s i l e  

systems e x i s t .  The a r e a s  l i s t e d  i n  S e c t i o n  5 under  Items A-5,  A - 6 ,  and 

A - 7  do r e q u i r e  some a t t e n t i o n  i f  t h e  hypersonic  regime i s  t o  be e x p l o i t e d  

i n  t h e  f u t u r e .  I n  p a r t i c u l a r ,  methods of  s i m u l a t i n g  hypersonic  a i r -  

b r e a t h i n g  miss i les  a t  model s c a l e ,  a l lowing  f o r  v i scous  e f f e c t s ,  i s  expec ted  

t o  be a key r e s e a r c h  a r e a .  
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8 .  Summary and Recommendations 

I n  t h i s  r e p o r t  t h e  assessment  of  t h e  impact t h a t  technology 

advances i n  aerodynamics,  p ropu l s ion ,  and s t r u c t u r e s  w i l l  have on c r u i s e  

mis s i l e  performance i s  based on t h e  premise t h a t  any r e s e a r c h  i n  t h e s e  

a r e a s  must be planned and implemented such t h a t  t h e  s y n e r g i s t i c  c o n t r i b u -  

t i o n s  from t h e s e  t echno log ie s  t o  t h e  m i s s i l e  performance a r e  e v i d e n t  a t  

a l l  t imes w i t h i n  t h e  c o n s t r a i n t s  of s p e c i f i c  mis s ion  o b j e c t i v e s .  Th i s  

premise means t h a t  each element of a r e s e a r c h  program i n  any of  t h e  t ech -  

n o l o g i e s  under c o n s i d e r a t i o n  must be i d e n t i f i e d  n o t  on ly  i n  terms of  i t s  

own c o n t r i b u t i o n  and e f f e c t  on t h e  o v e r a l l  missi le  performance but a l s o  i n  

terms of t h e  s p e c i f i c  i n t e r a c t i o n s  i t  has  w i t h  t h e  s i g n i f i c a n t  performance 

pa rame te r s  of  t h e  o t h e r  t e c h n o l o g i e s .  I n  t h i s  manner, t h e  m i s s i l e  d e s i g n e r s  

and system p l a n n e r s  w i l l  have t h e  n e c e s s a r y  i n p u t  d a t a  f o r  meaningful  t r a d e -  

o f f  a n a l y s e s .  

The r e s e a r c h  t o p i c s  sugges t ed  h e r e i n  have been d e r i v e d  from an 

a n a l y s i s  which recognized t h e s e  i n t e r a c t i o n s .  F i r s t ,  t h e  missi le  system 

requirements  were c a t e g o r i z e d  i n  terms of  t h r e e  major performance c h a r a c t e r -  

i s t i c s :  P e n e t r a t i v i t y ,  Range, and Maneuverab i l i t y .  These c h a r a c t e r i s t i c s  

were, i n  t u r n ,  r e l a t e d  t o  t h e  c o n t r i b u t i n g  t echno log ie s  of  Aerodynamics, 

P ropu l s ion ,  S t r u c t u r e s  and M a t e r i a l s ,  and o t h e r s .  S e v e r a l  r e s e a r c h  a r e a s  

were l i s t e d  which could c o n t r i b u t e  t o  improved performance,  The r e l a t i v e  

merits of  t h e s e  areas were then  d i s c u s s e d  i n  terms of which ones might have 

t h e  g r e a t e s t  impact on improving t h e  performance of c r u i s e  m i s s i l e s .  

The r e s e a r c h  t o p i c s  l i s t e d  below emerge from t h i s  a n a l y s i s .  They 

a r e  recommended f o r  c o n s i d e r a t i o n  a s  t h e i r  o u t p u t s  a r e  expected t o  have t h e  

g r e a t e s t  i n f l u e n c e  on t h e  d e s i g n  of f u t u r e  c r u i s e  miss i les  w i t h  improved 

performance c h a r a c t e r i s t i c s .  I n  each technology a r e a ,  two t o p i c s  are  s t a r r e d  

(;k) t o  i n d i c a t e  t h a t  t hey  a r e  cons ide red  t h e  t o p  p r i o r i t y  i tems i n  t h e  l i s t i n g .  
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Recomended Research Topics 

* 
Aerodynamics A-1 Aerodynamics-Signature Trade-off 

A - 3  Airframe-Engine Integration 

A-8 Deployable High-Lift Devices 

A-9'' High cr Aerodynamics 
-.- 

Propulsion P-1;' Inlet-Signature Trade-off 

P- 2 Nozzle-S ignature Trade-off 

P - 3  Fuel Development 

P - 4  Variable Geometry Nozzles 

P-5 Nozzleless Rockets 

P-7 Inlets Insensitive to Angle of Attack 

P-9 Combustor Insulating Materials 

;k 

Structures and Materials 

S-1 Analysis Methods for Structural Trade-offs 

S-gk RAM-coated Structure vs. Radar Absorbing Primary 

Structure 

Properties of Advanced Composite Materials 

Development and Application of Composites 

S - 3  

S - 4  

S - 5  Environmental Effects on Sensor Domes 

* 

* 
Two areas have been selected from each technology as priority items. The 

identifying symbols (e.g., A-1) refer to the more complete statements 

given in Section 5. 
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